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Increased focus on the development of artificial photosynthetic systems and 
alternative energy sources has led to interest in how photosynthetic organisms adapt to 
stressful environmental conditions. Plants, algae, and cyanobacteria are particularly 
sensitive to high light intensity. Although repair mechanisms are in place to prevent long-
term damage and inhibition from light stress, signals for initiation of key steps in repair 
are largely unknown. Post-translational modifications (PTMs) of amino acids have been 
proposed to participate in the signaling pathways. This thesis describes the identification 
and functional characterization of an oxidative PTM of tryptophan to N-
formylkynurenine  (NFK) in the Photosystem II (PSII) enzyme. PSII catalyzes the photo-
induced water oxidation reaction in oxygenic photosynthesis. In vitro and in vivo 
biochemical studies suggest that NFK plays a role in protecting PSII from light-induced 
stress and functions as a signal in repair.  This work has led to a new model of the signal 
and repair process.  Preliminary work on 2D crystallization of an intact plant PSII 
complex is also presented. These experiments show promise for on-going structural 
studies by electron crystallography. PSII structure determination under native and light-
stressed conditions may provide insight into conformational and sub-complex 







1.1 Photosystem II, photoinhibition, and oxidative stress 
1.1.1 Oxygenic photosynthesis and PSII 
 Biological photosynthetic systems have come to the forefront of energy research. 
Oxygenic photosynthesis is a naturally clean and efficient process that maintains Earth’s 
aerobic atmosphere. The carbon- containing compounds produced during carbon fixation 
provide a primary source of biomass for most ecological systems. Thus, better 
understanding of how photosynthetic plants, algae, and cyanobacteria adapt to climate 
change, increasing CO2 emissions, and environmental stress is a key topic in energy 
research. 
 Temperature elevation and heightened solar intensity are direct results from 
greenhouse gas accumulation and ozone depletion. Photosynthetic plants and 
microorganisms are particularly sensitive to excess illumination. Photoinhibition is the 
phenomenon used to describe the decrease in photosynthetic activity and efficiency 
during exposure to high light (1). Irreversible damage to the reaction center proteins 
occurs, which triggers removal and replacement of damaged components (2). This cycle 
of damage and repair prevents long-term activity loss and enables recovery from damage 
induced under photo-oxidative conditions. 
 The Photosystem II (PSII) enzyme complex catalyzes the light-induced water 
oxidation and electron transfer reactions in the thylakoid membrane (Figure 1.1C) (3). 
The cyanobacterial PSII structure in Thermosynechococcus vulcanus (T. vulcanus) was 
 
 2 
solved to 1.9 Å resolution (4-9). The higher plant PSII structure containing D1, D2, 
CP47, and cytochrome b was solved to 8 Å resolution (10). The PSII monomer has a 
molecular weight of ~350 kDa and is composed of more than 20 subunits (4). PSII 
contains both membrane- spanning intrinsic and extrinsic subunits (4). Cyanobacterial 
and plant PSII enzymes differ in the identities of the extrinsic and light- harvesting/ 
antennae polypeptides (11,12). The extrinsic polypeptides are bound to the lumenal 
surface of the thylakoid membrane and are required for optimal activity (Figure 1.1A) 
(13). PsbO, or the 33-kDa manganese stabilizing protein (MSP), is the only extrinsic 
protein conserved in both cyanobacteria and plants (12). Chlorophyll molecules located 
in “antennae” proteins capture and transfer light energy to the central reaction center 
where charge separation occurs.  The membrane- embedded Light Harvesting Complex II 
(LHCII) proteins flank the PSII complex at the periphery and bind antennae chlorophyll 
molecules in plants (11). In cyanobacteria, phycobilin-containing phycobilisome proteins 
attach to the outer surface of the thylakoid membrane to harness light energy (11). 
 The PSII “core complex” is composed of the D1, D2, CP43, CP47, and extrinsic 
polypeptides (Figure 1.1B-C). The “core complex” proteins are the minimal essential 
components required for optimal water oxidation and electron transfer. The D1 and D2 
polypeptides form the reaction center core and house the Mn4CaO5 active site and redox 
cofactors (4). The cofactors involved in electron transfer include redox-active 
chlorophylls, pheophytin, plastoquinones QA and QB, and Tyrz (Figure 1.1C) (4). Calcium 
and chloride cofactors are also essential for optimal activity (13). Electrons ultimately 
derived from water oxidized at the Mn4CaO5 cluster are transferred from PSII onto the 
cytochrome b6f complex via doubly- reduced QB (13).  The CP43 and CP47 proteins 
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located on either side of D1 and D2 bind chlorophyll molecules and contain flexible 
loops that protrude into the lumen (Figure 1.1B) (4). Site-directed mutations of many 
residues in these loops have indicated their importance in assembly and photoinhibition 
(14). 
 
Figure 1.1. PSII model, X-ray structure, and electron transfer cofactors. (A) model of the 
PSII core complex monomer in the thylakoid membrane. The core polypeptides, water 
oxidation reaction at the Mn4CaO5 cluster, and electron transfer cofactors (Yz, P680, Pheo, 
QA, and QB) are labeled. (B) PSII monomer from the T. vulcanus 1.9 Å resolution crystal 
structure (4) (PDB 3ARC). (C) PSII Mn4CaO5 cluster and electron transfer cofactors. The 
images shown in (B) and (C) were rendered in the PyMOL Molecular Graphics System, 




1.1.2 Photoinhibition, repair, and reactive oxygen species (ROS) 
 Plants and cyanobacteria are exposed to various levels of high light under 
physiological conditions. Repair mechanisms become activated under overwhelming 
light stress conditions to compensate for these environmental stresses. The D1 
polypeptide, which binds the redox cofactors, is the primary target of photo-induced 
damage under excess illumination and exhibits a high rate of turnover (15). During 
turnover, D1 is quickly degraded and replaced by a new copy (15). Partial PSII complex 
disassembly and re-assembly are required for D1 replacement (2). The filamentation 
temperature- sensitive (FtsH) protease is the primary protease proposed to play a role in 
proteolysis of damaged D1 proteins (16-18). The signals for repair remain unanswered 
questions. However, post-translational oxidations of amino acids have been proposed to 
mediate initiation (18). 
 Various reactive oxygen species (ROS) are generated as a result of electron 
transfer reactions in photosynthesis (19). Formation of ROS is accelerated during 
photoinhibition, when the rate of light energy absorption exceeds the photosynthetic 
output capacity (20). ROS react with amino acid side chains and induce post-translational 
modifications (PTMs). PTMs perform a variety of essential functions, including cell 
regulation (21) and catalysis (22). Oxidative modifications also act as markers for 
damaged protein turnover (23). 
 Post-translational N- and C-terminal processing of PSII intrinsic subunits has 
been described (24-28). Increase in oxidative modifications of PSII reaction center 
proteins was observed in response to high light stress conditions in Arabidopsis (29).  
The majority of the Trp oxidation products in the Arabidopsis thylakoid membrane 
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complexes were observed in PSII (29). Trp side chains in PSII react with ROS to 
generate many types of oxidative modifications (Figure 1.2) (30,31). 
 
Figure 1.2. Chemical structures and optical absorption spectra of tryptophan and 
tryptophan oxidation products. The top row of (A) shows the chemical structures of 
tryptophan, NFK, and kynurenine. The bottom row shows oxindolylalanine and hydroxy-
indole. (B) Optical absorption spectra of model tryptophan (solid line), NFK (coarse 
dashed line), and kynurenine (dotted line). For comparison, the absorption spectrum of 
PSII peptides containing NFK-365 in CP43 is also shown in (B) (fine dashed line). 
 
1.1.3 Tryptophan oxidation to N-formylkynurenine (NFK) 
 Trp conversion to NFK has been detected in a variety of other proteins, including 
mitochondrial ATP Synthase (31), apolipoprotein B-100 (apoB-100) (32), MopE, and α-
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crystallin (33) (Table 1.1). Studies of NFK formation in PSII and mitochondrial proteins 
show that the reaction is a very specific, ROS-mediated conversion (31,34). These results 
suggest that NFK formation plays a specialized functional role. NFK accumulates in PSII 
membranes during exposure to high light intensity stress, supporting a role in 
photoinhibition (31). In agreement with this hypothesis, substitution of the NFK-modified 
Trp (Trp-365) to alanine, cysteine, and leucine in the CP43 protein of Synechocystis sp. 
PCC 6803 (Synechocystis 6803) increases the rate of photoinhibition in vivo (30). 
General oxidations of amino acid side chains, such as Trp oxidation to NFK, have been 
proposed to play signaling roles in D1 turnover in repair (18). NFK may act as a trigger 
for proteolysis during photoinhibition in PSII (30,31). Although NFK has been identified 
in a number of proteins, few studies have assessed the functional relevance. 
 
1.2 Detection of NFK 
1.2.1 Mass spectrometry 
 Oxidation of the Trp side chain to NFK involves indole ring cleavage and 
addition of two oxygen atoms (35) (Figure 1.2A). Tandem mass spectrometry (MS/ MS) 
sequencing can be used to identify Trp residues modified to NFK by searching for the 
resulting +32 m/z mass increase (31,36). Other known Trp oxidations are distinguished 
from NFK by different mass shifts (Figure 1.2A). Kynurenine is another common Trp 
modification that results from the de-formylation of NFK under acidic conditions (30) 
(Figure 1.2A). Oxindolylalanine and hydroxyindole are singly- oxidized Trp derivatives 
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with mass shifts of +16 and +18 m/z (30). A proteomic approach with MS/ MS has been 
used to identify NFK and other Trp modifications in many types of proteins (Table 1.1). 
 
Table 1.1. Overview of NFK modifications and methods of identification 
Protein Modified residue Method of detection Reference 
PSII (CP43 subunit) Trp-365 




PSII (D1 subunit) Trp-317 HPLC, MS/ MS,         optical absorption (37) 
PSII (CP24 subunit) Trp-177 HPLC, MS/ MS, optical absorption (31) 
PSII (LHCII subunit) Trp-128 MS/ MS (38) 
Apoliprotein B-100 N.D. HPLC, Flourescence (32) 




Trp-657 2D-GE, MS/ MS (36) 
ATP Synthase 
(alpha subunit) Trp-503 2D-GE, MS/ MS (34) 
Frataxin Trp-155 MS/ MS (40) 
Microsomes N.D. Flourescence (41) 
Rubisco N.D. Flourescence (41) 
Crystallin N.D. Flourescence (33) 
Troponin I Trp-161 MS/ MS (42) 
Actin Trp-79, Trp-340 MS/ MS (42) 
 
“Flourescence” indicates fluorescence spectroscopy; “Western” indicates Western blot 
 As previously observed in PSII, multiple types of oxidations can occur to the 
same Trp residue (30). Trp-365 (Trp-352 in Synechocystis 6803) in the CP43 subunit of 
PSII was modified to kynurenine, oxindolylalanine, and hydroxy-indole (30). This 
residue is highly conserved in cyanobacteria and plants (30). Our recent analysis in 
spinach PSII concluded that the same residue was modified to NFK (31). 
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Oxindolylalanine and hydroxy-indole were proposed reaction intermediates involved in 
kynurenine product formation (30). 
 
1.2.2 UV spectroscopy 
 NFK has a unique optical signature that enables its detection in proteins (Figure 
1.2B), fine-dashed line. NFK models (Figure 1.2B, fine-dashed line) can be synthesized 
by formylation of commercially available kynurenine (Sigma-Aldrich, St. Louis, MO) 
(43,44). Compared to natural Trp with a maximum absorption peak ~280 nm (Figure 
1.2B, solid line), NFK has a red-shifted peak at ~320 nm (Figure 1.2B, course dashed 
line). Kynurenine can also be distinguished from Trp and NFK, with a λmax ~360 nm 
(Figure 1.2B, dotted line). Oxindolylalanine and hydroxy-indole are also characterized by 
absorption spectra with maximum absorption peaks less than 300 nm (45,46). 
 NFK’s red-shifted absorption enables optical detection and separation from non 
NFK-containing peptides. Detection of NFK-modified peptides in a complex mixture of 
un-modified peptides can be accomplished by monitoring elution at red-shifted 
wavelengths (31). Since un-modified natural peptides do not absorb at wavelengths 
longer than ~280- 290 nm, only peptides that contain NFK will be detected as peaks in 
the chromatogram (31). The fine dashed line in Figure 1.2B shows the absorption 





1.2.3 NFK covalently binds amines and hydrazines 
 NFK in proteins can bind to primary amines (31) and hydrazine (41,47). This 
property of NFK was used to purify NFK-containing PSII peptides for MS/MS 
sequencing (31). A primary amine linked to a biotin group was used for these 
experiments (31). The biotin handle enabled enrichment by avidin affinity 
chromatography (31). Binding was predicted to occur at the N-formyl nitrogen to form a 
ring- conjugated amidine (31). This type of purification could be used for sequence 
determination of NFK- modified peptides in any protein. 
 
1.3 ROS generate NFK in PSII 
 Trp side chains in proteins can react with many types of ROS to generate NFK, 
including singlet oxygen (1O2) (38,48), ozone (O3) (49), and hydroxyl radicals (HO•) 
(33). The electron transfer reactions and photosensitizing pigments are responsible for 
ROS generation during light stress in the thylakoid membranes of plants and 
cyanobacteria (20). Depending on the mechanism of photoinhibition, different types of 
ROS are produced in PSII. The roles that these ROS play in photoinhibition are also 






1.3.1 Charge recombination reactions in PSII lead to triplet chlorophyll and 1O2 
 PSII catalyzes the photo-oxidation of two molecules of water to O2 and four H+. 
The green pigments that enable light energy utilization are called chlorophyll (chl).  Each 
chl molecule contains a phorphyrin ring, Mg2+, and a phytol tail. Initial light excitation of 
the primary donor chlorophyll P680 initiates electron transfer to pheophytin (Pheo) (Figure 
1.1A and C). The result is the charge separated state P680+•Pheo-•. On the PSII acceptor 
side, reduced Pheo-• then rapidly transfers the electron to plastoquinone QA, then to the 
terminal acceptor QB (Figure 1.1A and C). The mobile QB acceptor is then exchanged 
with the plastoquinone pool in the membrane. On the donor side, a redox active tyrosine 
Yz reduces P680+• (Figure 1.1A and C). The catalytic Mn4O5Ca cluster on the lumenal 
surface oxidizes a water molecule to reduce Yz+• (Figure 1.1). Four photons of light are 
required to oxidize two molecules of water at the active site. 
 In the presence of excess light and photoinhibition, alterations to PSII that slow 
the forward secondary electron transfer reactions can result in recombination between 
P680+• and Pheo-•. Over-reduction (50) and alterations in the midpoint potential (51) of QA 
can promote the back-electron flow (50). Recombination reactions between Pheo-• and 
P680+• promote formation of triplet chlorophyll (3chl), 3P680 (50,51). Energy transfer from 
triplet chlorophyll to ground state molecular oxygen (3O2) evolved nearby at the oxygen 
evolving complex (OEC), or Mn4O5Ca cluster, leads to the highly reactive singlet oxygen 
(1O2) (51). 1O2 yield increases during photoinhibition and has been detected with EPR 




1.3.2 3Chl and 1O2 are generated in the light-harvesting complex II (LHCII) 
 In addition to charge combination reactions, the light-harvesting antennae proteins 
are also a source of 3chl and 1O2 in higher plant PSII. A primary function of the antennae 
proteins is to capture light energy and transfer it to the reaction centers. In plants, the 
abundant LHCII proteins located on the periphery of PSII bind the majority of the chl a 
and chl b molecules in the thylakoid membrane. Chl molecules can act as 
photosensitizers in the antennae (53). Radical spin traps have detected 1O2 during 
illumination of isolated LHCII (53). The 1O2 was attributed to energy transfer from 3chl 
to O2 (53). 
 Chl molecules are energetically coupled in the protein matrix of the antennae. 
They are also coupled to carotenoids, which are protective 1O2 quenchers (54). Damaged 
or incorrectly assembled antennae proteins can cause weak coupling of chl- carotenoid 
triplet energy transfer (55). A correlation between photoinhibition and uncoupling of both 
chl a and b was demonstrated in isolated thylakoids (55). Chl b is only present in the 
antennae proteins. Uncoupling of chl can result in increased 1O2 production from 
inefficient quenching. 
 
1.3.3 Trp reacts with 1O2 to form NFK in PSII 
 NFK modifications have been described in the CP43 (31), D1 (37), and LHCII 
(38) subunits of PSII (31). Tandem mass spectrometry (MS/MS) determined the positions 
of the modifications at Trp-365 in CP43 and Trp-317 in D1 (31). The type of ROS 
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involved in Trp oxidation to NFK was proposed to be 1O2 (31,38). Charge recombination 
may produce 3P680 in the reaction center proteins, leading to 1O2 production (31). Trp-365 
(CP43) and Trp-317 (D1) are located ~17 and 24 Å away from the OEC, where the ROS 
are produced (Figure 1.3) (4). 
 
Figure 1.3. Locations of NFK- modified tryptophans in the 1.9 Å PSII crystal structure 
from T. vulcanus (4) PDB 3ARC. The Mn4CaO5 cluster, Yz, PheoD1, and PheoD2 are 
labeled. W365 (CP43) and W317 (D1) are colored in magenta. These residues were 
shown to be oxidized to NFK. The side chains of all Trp residues within 25 Å of the 
Mn4CaO5 cluster are shown in green (D1 protein: W97, W105; D2 protein: W191, W328; 
CP43 protein: W189, W223, W291, W359, W387, W425; Cytochrome c550 protein: 
W130). The image was rendered in the PyMOL Molecular Graphics System, Version 
1.5.0.1 (Schrödinger, LLC). 
 
  The NFK formation in CP43 was detected in both dark- maintained 
spinach thylakoid and detergent solubilized PSII membranes (31). The presence of NFK 
in the thylakoid membranes ruled out any detergent- induced experimental artifact as 
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contributing to the NFK formation. Because the thylakoid and PSII membrane 
preparations were kept in the dark, light- induced electron transfer reactions that might 
generate 1O2 were also prevented. This outcome supports that the NFK formation may 
have a precise physiological role in PSII. Experimental artifacts induced by sample 
handling were also ruled out as contributing to mitochondrial NFK modifications (56). In 
further support, there was no correlation between methionine oxidation, a known artifact 
of sample handling, and Trp modification (56). 
 Photosensitizing 3chl was also proposed to be responsible for 1O2 involved in 
conversion of Trp-132 to NFK in LHCII (38). Soft light illumination of thylakoid 
membranes induced production of highly reactive 1O2, and the NFK modification (38). In 
this instance, the chl molecules act as photosensitizers to generate 1O2. In addition to 
NFK modifications, ROS also induced protein aggregation and truncation, as assessed by 
2-dimensional gel electrophoresis (2D-GE) and MS/MS (38). The ROS are also directly 
involved in cleavage of the antennae proteins from the N-terminal end (57).  Protein 
truncation can induce changes in protein conformation and initiate weakened chl-chl or 
chl-carotenoid coupling (55). This pathway could promote NFK formation during 
photoinhibition. Although functional LHCII forms trimers (58), monomerization occurs 
during light stress (59). Only the LHCII monomers are targeted for proteolysis (60). NFK 
formation in the trimer could trigger the monomerization event under these conditions. 
Alternatively, NFK formation in the monomer could provide a signal for proteolysis of 




1.3.4 NFK modifications in PSII are induced by illumination 
 NFK modifications in PSII are light-induced. High light illumination results in an 
approximate two- fold increase in yield of CP43 NFK-365 in oxygen-evolving PSII 
membranes (31). Because PSII does not evolve oxygen in the dark, production of ROS is 
also suppressed in the absence of light.  Removal of the OEC where 1O2 originates also 
inhibits accumulation of NFK in CP43. This evidence supports that the 1O2 involved in 
NFK formation in PSII originates at the OEC. It is not surprising to find NFK present in 
PSII maintained under dark conditions, however, because photodamage and protein 
turnover occur under any light intensity. Thus, detection of a low yield of NFK suggests 
that NFK modifications occur naturally under moderate conditions, not merely under 
extreme light stress. 
 Upon a modest ionic strength increase during illumination, a second NFK 
modification was detected in the D1 polypeptide (NFK-317) (Figure 1.3). Accumulation 
of CP43 NFK-365 was suppressed under these conditions. An ionic strength-induced 
conformational change in the flexible loop regions was suggested to account for this 
effect. Different PSII conformational states may result in various discrete NFK 
modifications. Although multiple NFKs exist, the modifications are not random. The 






1.3.5 Other ROS (H2O2, HO•, and O2•-) in PSII 
 The combined generation of O2 at the OEC together with the strong oxidation and 
reduction potential in PSII suggests that many other types of ROS are produced under 
conditions of light stress (20,61). Because the light-induced NFK accumulation occurred 
only in the presence of active oxygen evolution, ROS produced from photodamage 
occurring on the donor side should be eliminated as potential sources of NFK. However, 
the same ROS (O2•-, H2O2, and HO•) have been attributed to NFK formation by different 
mechanisms on both the donor and acceptor side of PSII (20). On the donor side, release 
of the extrinsic proteins and OEC stimulated H2O2 production, which was explained by 
increased solvent accessibility leading to alternate water oxidation side reactions (62). 
The one electron oxidation and reduction of H2O2 then resulted in O2•- and HO•, 
respectively (reviewed in 20). In contrast, other work has demonstrated O2 reduction on 
the acceptor side can result in O2•- under light stress conditions (20). Dismutation to 
H2O2, followed by a single electron reduction, then produces HO• (20). Of these other 
ROS, HO• is the only other potential source of reactant for NFK formation and cannot be 
ruled out. 
 
1.4 Functional roles of NFK in PSII 
1.4.1 NFK as a 1O2 scavenger 
 Antioxidant systems are in place to protect PSII from damaging ROS. Enzymatic 
scavengers superoxide dismutase (SOD) and catalase eliminate reactive O2•- and H2O2 
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generated from electron transport (63). Non-enzymatic scavengers, such carotenoids and 
prenylquinols, protect from 1O2 (63). The carotenoids physically quench 1O2 by 
excitation energy transfer, which is important in the PSII reaction center (64). The 
prenylquinols, such as α-tocopherol, chemically react with 1O2 to form a hydroperoxide 
intermediate that hydrolyzes to a quinone (65).  
 Specific Trp residues in CP43 and D1 may function as scavengers of 1O2 in the 
reaction center. α-Tocopherol scavengers are predicted to reside close to the edge of the 
membrane (66). Their location enables them to chemically quench 1O2 that is out of reach 
of β-carotene in the membrane. The reaction of α-tocopherol with 1O2 is irreversible, 
which means that these molecules must be continuously re-synthesized. The chemical 
reaction of Trp with 1O2 is also irreversible. The CP43 NFK-modified sidechain is 
similarly located close to the membrane edge in a lumenal loop region (Figure 1.3). In 
PSII, Trp may function as a ROS scavenger during excess light stress when α-Tocopherol 
cannot effectively scavenge the high yield of 1O2 being produced. Small PSII intrinsic 
proteins have been proposed to play a similar direct role in enzymatic scavenging of O2•- 
(67). 
 
1.4.2 NFK as a photosensitizer 
 Once produced as a PTM in PSII, NFK may also act as a photodynamic sensitizer 
(68).  NFK can be formed by UV irradiation of proteins (69,70), and then serve as a UV-
A absorbing chromophore.  UV irradiation of NFK forms either an excited singlet state, 
in which an intra-molecular hydrogen bond can occur, or a long-lived triplet state (71). 
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An unusually red-shifted fluorescence is observed from NFK, which has been attributed 
to intra-molecular proton transfer between the hydrogen bonded formamide and ortho- 
carbonyl groups.  The yield of the red shifted fluorescence increased in non-polar 
solvents (72).  The NFK triplet state can react with oxygen to produce ROS species 
(68,73) or can directly oxidize substrates (69).  Thus, UV- mediated photodamage to PSII 
could potentially utilize NFK as the photosensitizer (74) to further promote the repair 
cycle by generation of more ROS. 
 
1.4.3 NFK in D1 turnover and repair 
 Degradation and replacement of the D1 protein is a key step in repair from light 
stress (2). Although the other polypeptides turn over at an increased rate during 
photoinhibition, compared to normal light-saturated conditions, the D1 protein is the 
primary site of photodamage and accordingly exhibits a much higher turnover rate. The 
steps involved in this repair cycle are demonstrated in Figure 1.4 (2). The first step is 
partial PSII complex disassembly (Figure 1.4, step 2), which is required for protease 
access to D1. The extrinsic polypeptides, OEC, and CP43 are removed in this initial step. 
New D1 synthesis (Figure 1.4, step 4) occurs concomitantly with damaged D1 proteolysis 
(Figure 1.4, step 3). The D2 and CP47 polypeptides remain complexed in the membrane. 
New D1 is then adjoined to the partial complex (Figure 1.4, step 5). The final step is PSII 
re-assembly to re-activate oxygen- evolving activity (Figure 1. 4, step 6). 
 Despite decades of research, key steps involved in the repair cycle remain elusive. 
Particularly, the signals for PSII disassembly, D1 proteolysis, and D1 translation are 
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unknown. Post-translational oxidations of amino acids have been proposed as signals 
(18). The Filamentation temperature-sensitive H (FtsH) protease is the primary protease 
proposed to be involved in D1 degradation (18). In Arabidopsis, FtsH alone mediates D1 
proteolysis during photoinhibition (75). The FtsH protease is a weak unfoldase (76). 
Oxidation of Trp to NFK may trigger a conformational change to enable disassembly and 
trigger proteolysis (Figure 1.4). 
 
Figure 1.4. NFK in the D1 repair cycle. In step 1, the D1 polypeptide is damaged by 
exposure to high light illumination. NFK formation occurs. In step 2, the damaged PSII 
complex is partially disassembled. CP43, the OEC, and the extrinsic subunits are 
removed to enable access to the damaged D1 protein. Damaged D1 is degraded and 
removed in step 3. In steps 4 and 5, a new D1 polypeptide is synthesized and inserted into 






1.4.4 UV radiation in oxidative stress and NFK formation 
 With increasing ozone depletion, effects of increasing UV-B radiation on plants 
are emerging as an important area of research. Aromatic amino acids are susceptible to 
UV-B light and can be directly photo-oxidized or indirectly modified by endogenous 
photosensitizing pathways (77). Fluorescence spectroscopy was used to probe UV-B 
induced Trp oxidation in cucumber leaves (41). To compare NFK formation in 
membrane proteins and soluble proteins, microsomes  and ribulose-1,5-bisphosphate 
carboxylase oxygenase (Rubisco) were analyzed (41). The shift in fluorescence from 
333- 343 nm to wavelengths longer than 400 nm upon UV-B light exposure was 
indicative of Trp oxidation to NFK (41). The yield of NFK was significantly less in 
Rubisco than microsomal membranes, indicating that Trp may be more susceptible to 
oxidation in a hydrophobic environment (41). Although ROS were involved in Trp 
oxidation, it was not clear whether 1O2 or HO• was the reactant involved (41). The 
addition of hydrazine prior to the UV-B treatment inhibited formation of the blue 
fluorescing product, suggesting that NFK binds to hydrazine to form a hydrazone (41,47). 
In PSII, NFK was similarly shown to bind to amines to form a stable amidine (31). 
 
1.5 NFK in non-photosynthetic proteins 
 NFK was first reported in hen egg white lysozyme (49). Since then, NFK 
modifications have been observed in a diverse range of proteins. A common feature of 
many oxidatively-modified proteins is the ability to perform redox chemistry. 
Accordingly, several NFK modifications have been identified within proteins of the 
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photosynthetic and mitochondrial electron transport chains (Table 1.1). Normal 
respiration involving oxidative phosphorylation in the mitochondria produces ROS as by-
products (78). Other modifications occur in proteins that are exposed to a high 
concentration of ROS generated nearby, such as the ATP Synthase (34). 
 
1.5.1 Ozone induces NFK formation in lysozyme 
 Ozonation of Trp residues in lysozyme provided insight into their functional 
significance in hen egg white lysozyme (49). Two residues, Trp-108 and Trp-111, were 
converted to NFK in the presence of ozone (exposure time undefined) (49) without any 
loss of lytic activity (49). The shift in Trp optical absorption from 280 nm to 320 nm was 
used as a marker for Trp to NFK conversion (49). Prolonged ozonation (exposure time 
undefined) induced further oxidation of the remaining four Trp residues (Trp-28, Trp-62, 
Trp-63, and Trp-123), along with functional inactivation (49). The findings lead to 
conclusion that Trp-108 and Trp-111 were located on a surface-exposed region on the 
surface of the protein (49). The results of the study concluded that those particular Trp 
residues do not participate in maintenance of a functional protein conformation (49). An 
alternative interpretation could be that the Trp residues do not participate in the ligand 
binding required for biological activity (49). The other four Trp residues (Trp-28, Trp-62, 
Trp-63, and Trp-123), on the contrary, were determined to play structural roles or 




1.5.2 NFK in mitochondrial proteins: oxidative stress and redox chemistry 
 An evaluation of the normal human heart mitochondrial proteome found that NFK 
modifications were targeted to a discrete subcategory of proteins involved in redox 
metabolism (56). A total of 51 NFK modifications were identified, with an over-
represented proportion located in Complex I (NADH Dehydrogenase) and Complex V 
(ATP Synthase) (56). Complexes I and III (Cytochrome bc1) are the major sites of ROS 
production in the mitochondria (79). Single electron reduction of molecular oxygen by 
both complexes produces the superoxide anion radical (O2•-) (79). Superoxide is rapidly 
converted to hydrogen peroxide (H2O2) by SOD (79). Although the reactivity of Trp with 
H2O2 is low (80), the decomposition to hydroxyl radicals (HO•) can occur via a metal 
catalyzed Fenton reaction (81). HO• has a high reactivity with Trp (80). As demonstrated 
in the α-crystallin proteins, HO• can oxidize Trp side chains to NFK (33). Interestingly, 
there was no correlation between the locations of the Trp oxidations and methionine 
(Met) oxidations, a known experimental artifact (56). The extensive mitochondrial 
analysis concluded that the NFK modifications occur naturally in absence of any induced 
oxidative stress within proteins capable of redox chemistry (56). These enzymes that 
facilitate the electron transfer pathway in normal respiration produce the reactive oxygen 
that result in NFK modifications. 
 In mitochondria, ATP Synthase is located close to the electron transport chain, 
making it a ROS target. Trp oxidation to NFK was also observed in the alpha subunit of 
ATP Synthase in a bacterium, Podospora anserina (P. anserina) (34). ATP Synthase is 
located in the plasma membrane of bacteria, which lack mitochondria. The oxidation was 
targeted to a single residue (Trp-503), supporting a non-random mechanism of formation 
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(34). Two other Trp side chains were also similarly surface-exposed and should have 
been oxidized if the modification occurred by indiscriminate pathways (34). The yield of 
NFK was reduced by ~30% when mitochondrial isolation was performed in the presence 
of an iron chelator, Desferal (34). This result provided further support for the 
involvement of HO• in NFK formation in the mitochondria. NFK was suggested to 
function as an irreversible marker for removal of damaged proteins (34), an essential 
function in mitochondrial regulation. As an irreversible marker, turnover of the NFK-
oxidized protein should also occur. 
 Two specific NFK modifications were identified in the mitochondrial aconitase-2 
enzyme (36) (Table 1.1). The reaction chemistry involved was not discussed in the 
proteomic study. However, aconitase-2 contains a [4Fe-4S] metallo-cluster (82). An 
electron paramagnetic resonance (EPR) spectroscopic study detected HO• from the 
proposed reaction of H2O2 with the metal cluster (83). Aconitase-2 exhibits a high degree 
of post translational carbonylation in the presence of ROS and is frequently used as a 
biomarker for oxidative stress. The metallo-enzyme may actively protect the 
mitochondrial respiratory machinery from oxidative stress. A study in A. thaliana found 
that impaired assembly of [4Fe-4S] clusters in mitochondrial enzymes, including 
aconitase, resulted in increased production of ROS (84). Increased transcription of 
aconitase and other proteins known to play a role in oxidative stress were also up-
regulated (84). The results concluded that Fe-S cluster-containing enzymes protect from 
potentially deleterious oxidative damage (84). The NFK-modified Trp residues identified 
in aconitase could function as intrinsic protein antioxidants (85). 
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 Frataxin is another mitochondrial protein with proposed functions in ROS 
metabolism, Fe-S cluster biosynthesis, and iron uptake (86). Reduced expression results 
in the most common hereditary ataxia, Friedreich’s Ataxia (86). This condition leads to 
iron accumulation and an environment susceptible to Fenton reactions (86). Frataxin is 
also a ROS target and highly susceptible to oxidative modifications (40). Despite the high 
degree of carbonylation, only Trp-155 was modified to NFK (40). This residue is highly 
conserved and exists as a point mutation in heterozygotes with Friedreich’s Ataxia (87). 
HO• mediated oxidation of frataxin did not significantly inhibit functional activity, and 
frataxin- mediated ROS protection was still detected (40). The findings support that Trp 
oxidation to NFK is essential for proper protein function.  
 
1.5.3 Immunological detection of NFK in proteins and cells 
 Experimental difficulties involved in identification of Trp oxidation products by 
proteomic methods prompted development of an antiserum for NFK (39). 
Photosensitizers, Rose Bengal and riboflavin, were used to generate 1O2 in horse heart 
myoglobin and milk proteins, respectively (39). 1O2 reacted with Trp side chains to form 
NFK, which was detected by Western blot and enzyme-linked immunosorbent assay 
(ELISA) analysis (39). The validity of the antiserum was corroborated by MS/MS 
sequencing. Both Trp residues in myoglobin were modified to NFK (Table 1.1). The 
relative ease of NFK detection by immunochemical methods enables the identification 
and quantitation of NFK in both large proteins and under various stress conditions. 
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 The NFK antiserum was also used to detect modifications within keratinocyte 
cells by confocal fluorescent microscopy (88). Illumination in the presence of a 
photosensitizer confirmed co-localization of NFK within the Golgi and mitochondria 
(88). However, the limit of detection for naturally- occurring NFK modifications in 
absence of a photosensitizer was not illustrated. This type of study would provide 
relevant insight into the utility of the antiserum for tracking the fate of NFK-modified 
protein in live cells.  
 
1.5.4 Trp oxidation and copper coordination 
 The MopE protein is an example in which Trp oxidation plays an essential role in 
metal binding (89). In Methylococcus capsulatus, MopE is predicted to participate in 
copper uptake (90), an important role in regulation and activity of the methane 
monooxygenases (91). The 1.35 Å crystal structure revealed that the amino nitrogen atom 
of kynurenine (Figure 1.2A), an oxidative modification of Trp-130, provided an essential 
ligand to a mononuclear copper site (89). Two histidine imidazoles and an oxygen from a 
water molecule provided the other three ligands (89). Un-oxidized Trp in heterologously 
expressed MopE did not bind copper, supporting the physiological role of the PTM (89). 
Lack of the modification in heterologous protein lead the authors to speculate that the 
modification was enzymatically catalyzed (89). However, the in vivo role of local ROS 
was not discussed (89).  This work demonstrates solid support for participation of 
oxidized Trp modifications in essential physiological roles. NFK is formed as a stable 
intermediate in the formation of kynurenine (Figure 1.2B). One could speculate that NFK 
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could perform a similar function in other proteins as a transient intermediate to regulate 
metal uptake. Other similarly functioning Trp modifications may have eluded detection in 
heterologously expressed proteins. 
 
1.5.5 NFK and crystallin 
 The crystallins constitute a large proportion of the proteins in the eye lens. 
Metabolic turnover of damaged proteins in the eye is very slow. Thus, the crystallins are 
extremely long-lived, with half lives on the order of decades. Stress-induced oxidative 
modifications play a role in cross-linking and aggregation (92). These changes that 
accumulate with age lead to loss of lens opacity, or cataracts (87). In a study of HO• 
mediated oxidation to crystallin proteins, Trp oxidation to NFK did not lead to the 
covalent cross-linking associated with cataracts (33). The loss of intrinsic Trp 
fluorescence (λem = 325 nm) concomitant with the appearance of a new red-shifted peak 
(λem= 435) was used to assess the complete conversion of Trp to NFK (33). HO• stress is 
relevant in vivo and can be naturally generated by photochemical (93) or Fenton-type 
mechanisms (94) in the lens. Histidine oxidation, in contrast to Trp oxidation, was a 
precursor for formation of higher molecular weight cross-links (33). As discussed above, 






1.5.6 NFK formation in apoB-100 
 NFK formation in the apolipoprotein B-100 (apoB-100) was initiated through a 
Trp radical intermediate formed from electron donation to Cu2+ (32) (Table 1.1). ApoB-
100 is a major component of low density lipoprotein (LDL). Copper and iron are critical 
in LDL oxidation (95). Oxidized LDL is a key risk factor in atherosclerosis (96), and 
apoB-100 reduction of Cu2+ to Cu+ is implicated in the progression (97). In the 
investigation of LDL oxidation, Trp oxidation to NFK, kynurenine, and tryptamine 
occurred upon addition of Cu2+ (32). Trp oxidation was monitored by specific HPLC 
absorbance and fluorescence profiles of pronase E digests (32). Trp oxidation and Cu+ 
were required for LDL oxidation, implicating the relevance of the reaction (97). Because 
Trp does not form radicals in solution with Cu2+, the primary sequence and environment 
of the apoB-100 protein must alter the redox properties of Trp to enable the reaction to 
occur (98). 
 
 1.5.8 X-ray radiation generates ROS and NFK in an animal model 
 Oxidative stress and protein oxidation play a chief role in mammalian ageing and 
disease development (99). Thus, the utilization of animal models for the study of ROS 
mechanisms is pertinent. An established rat model was used to examine Trp oxidation in 
vivo (99). X-ray radiation was employed to induce acute oxidative stress, and NFK 
formation was assessed in rat skeletal muscles, actin and troponin I (Table 1.1) (42). 
Another aim of the investigation was to identify and quantify NFK modifications within a 
complex mixture of proteins, which was accomplished by gas phase fractionation on an 
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LTQ Orbitrap mass spectrometer (42). One Trp in troponin I (Trp-161) and two Trp (Trp-
79 and Trp-340) in actin were oxidized to NFK (42). While Trp-79 is surface exposed 
and expected to readily react with ROS, the other Trp side chains are shielded within the 
hydrophobic interior of the protein (42). The oxidation of these buried residues suggests 
that the superficial oxidations induce a conformational change or structural unfolding that 
enables exposure to the surface (42). 
 
1.6 Thesis overview 
 Oxidative stress is a natural consequence of photosynthetic oxygen evolution and 
redox enzyme processes. Trp oxidation to NFK is a specific, ROS-mediated reaction. 
This thesis work describes the identification and functional characterization of NFK in 
oxygen evolving PSII. Although proteomics studies have confirmed NFK modifications 
in many types of proteins, limited knowledge on the biochemical significance exists. 
Based on the current knowledge of NFK, ROS, and repair, we propose a model 
describing a role for NFK in signaling for turnover of damaged proteins in PSII during 
photoinhibition and repair. NFK may play a similar role in replacement of damaged 
proteins in other systems. 
 In vitro studies in thylakoids and PSII membranes are used to establish a 
correlation between oxidative stress, NFK formation, and photoinhibition. The in vivo 
effect of preventing Trp oxidation to NFK is assessed by site-directed mutation in 
Synechocystis 6803. This work provides insight into the role of NFK in photosynthetic 
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 PSII is the membrane protein complex that catalyzes the photo-induced oxidation 
of water at a manganese-calcium active site.  Light-dependent damage and repair occur in 
PSII under conditions of high light stress.  The core reaction center complex is composed 
of the D1, D2, CP43, and CP47 intrinsic polypeptides. In this study, a new chromophore 
formed from the oxidative PTM of tryptophan was identified in the CP43 subunit. 
Tandem mass spectrometry peptide sequencing was consistent with the oxidation of the 
CP43 tryptophan side chain, Trp-365, to produce NFK. Characterization with ultraviolet-
visible absorption and ultraviolet resonance Raman spectroscopies supported this 
assignment.  An optical assay suggested that the yield of NFK increased two fold (2.2 ± 
0.5) under high light illumination.  A concomitant 2.4 ± 0.5 fold decrease was observed 
in the steady state rate of oxygen evolution under the same high light conditions.  NFK is 
the product formed from reaction of tryptophan with highly reactive singlet oxygen, 
which can be produced under high-light stress in PSII.  Reactive oxygen species (ROS) 
reactions lead to oxidative damage to the reaction center, D1 protein turnover, and 
inhibition of electron transfer.  Our results are consistent with a role for the CP43 NFK 
modification in photoinhibition. 
 
2.2 Introduction 
 Oxygenic photosynthesis is the enzyme-catalyzed conversion of light energy to 
biochemical energy, and this process occurs in the membranes of plants, algae, and 
cyanobacteria. In oxygenic photosynthesis, PSII catalyzes the light-driven oxidation of 
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water and reduction of plastoquinone. On the acceptor side of PSII, electrons are 
transferred sequentially to two quinone molecules, QA and QB (1). On the donor side, a 
Mn4CaO5 active site is the binding site for water and the site of oxygen production.  Each 
monomer is composed of 20 protein subunits, chlorophylls, carotenoids, and redox-active 
plastoquinones (2).  Calcium and chloride are required for activity under physiological 
conditions (3).  The chloride binding site has been assigned near the active site (2). 
The D1, D2, CP43, and CP47 polypeptides form the intrinsic core complex of 
PSII.  The D1 and D2 membrane spanning proteins bind the electron transfer cofactors 
active in water oxidation (4). This central heterodimeric core is symmetrically flanked by 
the CP43 and CP47 proteins, which bind light-harvesting antennae chlorophyll (chl) 
molecules (5). Each of these core polypeptides is composed of intrinsic membrane-
spanning helices, as well as several hydrophilic loops that protrude into the interior lumen 
of the thylakoid membrane (2). The lumenal loop regions of CP43 have been implicated 
as important in assembly and protection from photoinhibition (see 5 and references 
therein). 
The active site of water oxidation, the Mn4CaO5 cluster, is located on the lumenal 
surface and is protected by three extrinsic polypeptides (6).  In plants, these extrinsic 
proteins, the 18-kDa, 24-kDa, and the psbO (or the 33-kDa, manganese stabilizing 
protein, MSP), are essential for maximal oxygen evolution under physiological 
conditions (6).  Both cyanobacterial and plant PSII contain an intrinsic cytochrome b559 
(7), while cyanobacterial PSII also contains an extrinsic cytochrome c550 (2,8-11).  The 
structure of cyanobacterial PSII has been solved to 1.9 Å resolution (2,8-11). In contrast, 
the resolution of a plant PSII structure remains at 8 Å resolution (12).  
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 Given its structural and functional complexity, many aspects of PSII function 
remain elusive.  In particular, the roles of PTMs of amino acid side chains are not 
thoroughly understood. The biological relevance of PTMs is evident in their wide range 
of functions, including roles in cellular regulation (13,14) and catalysis (15). 
Modifications of the intrinsic subunits of PSII have been described previously (16,17). 
For example, in the D1 subunit, the N-terminal methionine is removed, the N-terminal 
amino acid is acylated, and the carboxyl terminus is processed by a specific lumenal 
protease, CtpA (18,19). In CP43, fourteen amino acids are cleaved from the N-terminus, 
which is then N-acetylated. In D2 and CP47, amino terminal residues are removed, and 
the subunits are also N-acetylated. In addition, in a PSII reaction center preparation, in 
which CP47 and CP43 have been removed with chaotropes, a susceptibility to oxidation 
of D1/D2 has been reported (20). A proteomics-based study of Arabidopsis has shown an 
increased prevalence of oxidative modifications under high light stress (21).  Despite 
improvements in PSII structure resolution, detection of PTMs based on available X-ray 
structures is not yet possible.   
Other PTMs of PSII proteins have been identified, including oxidation of 
tryptophan to kynurenine (Figure 2.1A) (22), reduction of aspartic acid to aspartyl 
aldehyde (23), acyl activation of glutamic acid to a species that binds primary amines 
(24), as well as numerous phosphorylations (25).  Core PSII subunits contain multiple 
unidentified PTM residues that covalently bind amines (23,26,27). These reactions were 
attributed to reactive, carbonyl-containing amino acid side chains close to the active site, 
and covalent binding was proposed to occur via a Schiff base complex.   The addition of 
chloride was observed to inhibit amine binding, suggesting that the binding sites were 
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near the water oxidizing complex (28,29).  Importantly, amines are well-known inhibitors 
of photosynthetic water oxidation (28,29), this reactivity was found in plants and 
cyanobacteria, and experiments showed that amines were oxidized to produce aldehydes 
(26,27). These experiments imply that the amine-binding residues may play a role in the 
structure, function, or assembly of PSII. 
In addition to kynurenine, another known PTM of tryptophan in proteins is N-
formylkynurenine (NFK). NFK may bind amines and is created as a stable double 
oxidation intermediate in the formation of kynurenine (Figure 2.1A) (21,30-32). In this 
work, we use tandem mass spectrometry (MS/MS) and UV resonance Raman (UVRR) to 
show that PSII contains NFK. The unique ~325 nm absorption band of NFK is employed 
in the purification of NFK-containing CP43 peptides.  By MS/MS peptide sequencing, 
NFK is identified as a +32 m/z modification of Trp-365 in CP43.  A vibrational band at 
1044 cm-1 is observed, which is characteristic of the oxidized indole ring in NFK. 
Quantitative analysis of the HPLC chromatogram was compared to the amount of 
inhibition under high light conditions.  This comparison suggests that the CP43 NFK 




Figure 2.1. Structures of NFK and the PSII labeling reagent.  (A) Oxidation of 
tryptophan to form NFK and kynurenine. (B) B5A reagent used for derivatization. (C) 







2.3 Materials and Methods 
2.3.1 PSII Preparations and oxygen evolution measurements 
 PSII was isolated from spinach (33) with the modifications previously described 
(27). Unless otherwise noted, all procedures were performed at 4 °C and under dim green 
light illumination. Chlorophyll (34) and oxygen assays (35) were performed, and steady-
state rates of oxygen evolution were ≥ 600 μmol O2/ (mg chl•h).  
 The 18- and 24-kDa extrinsic subunits were removed by treatment with 2 M NaCl 
for 30 minutes in the dark (36). Removal of psbO and the Mn4Ca cluster (Figure 2.2, step 
1) was performed by incubation with 800 mM tris(hydroxymethyl)aminomethane (Tris)-
NaOH, pH 8.0 for 45 minutes at room temperature in the light (37). These Tris-washed 
(TW) PSII membranes were washed three times with a buffer of 400 mM sucrose, 50 
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-NaOH, pH 7.5 and 
finally resuspended in the same buffer to yield a chlorophyll concentration of 2-4 mg/mL. 
Samples were stored at -70 °C. 
 
 2.3.2 PSII derivatization with B5A 
 TW PSII membranes (~6 mg of chlorophyll) were derivatized by incubation 
(Figure 2.2, step 2) with 4 mM of a primary amine-biotin conjugate, B5A (Invitrogen, 
Carlsbad, CA) (Figure 2.1B).  The chlorophyll concentration was 1 mg/mL, and the 
incubation was performed for 30 minutes at room temperature in the light (27). As a 
control, TW PSII samples were also incubated in parallel under identical conditions, 
except B5A was omitted from the sample solution. B5A binding to PSII was confirmed 
by Western blot (38) of a urea-SDS-PAGE gel (39) containing derivatized PSII and by 
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detection with an avidin-alkaline phosphatase conjugate (38). B5A-derivatized samples 
were subjected either to direct in-situ trypsin digestion (Figure 2.2, step 4B) or 2D 
electrophoresis, followed by in-gel digestion (Figure 2.2, steps 3 and 4C). 
 
2.3.3 In-situ trypsin digestion of PSII 
 The samples employed were either intact PSII (Figure 2.5), TW PSII (Figure 2.2, 
step 4A), or B5A labeled TW PSII (Figure 2.2, step 4B).  Labeled TW PSII samples were 
centrifuged at 108,800 x g for 20 minutes to remove non-covalently bound B5A.   The 
unlabeled TW control was treated similarly.  PSII samples were reconstituted to 3 mg/mL 
in 50 mM HEPES-NaOH, pH 7.5 buffer.  For the in-situ trypsin digest, 1 µg of porcine 
trypsin (Sequencing grade, Promega, Madison, WI) in 25 mM ammonium biocarbonate 
was added per 0.15 µg chloropyll. Samples were incubated for ~20 hours at room 
temperature under constant agitation. Undigested protein was pelleted by centrifugation 
at 108,800 x g for 20 minutes. The tryptic peptides released into the supernatant were 
then lyophilized and stored at -20 ºC. Tryptic cleavage of peptides was confirmed by 
SDS-PAGE comparison of intact and digested PSII samples (39,40). 
 
2.3.4 HPLC purification of NFK- containing peptides 
 Tryptic peptides were separated by reverse phase chromatography (Figure 2.2, 
steps 5A and B) on a Beckman (Brea, CA) Gold HPLC system equipped with a 125 
solvent module, a 168 photodiode array detector (1 cm path length, 2 nm scan interval), 
and 32 Karat Software, version 7.0. Lyophilized samples were reconstituted in 50 µL of 
5% acetonitrile/ 0.1% trifluoroacetic acid (TFA). The samples were filtered with an 
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Acrodisc (Pall, Ann Arbor, MI) 0.2 µm nylon filter and loaded onto an Alltech 
(Deerfield, IL) Prosphere C18 column (4.6 mm x 250 mm, 300 Å pore size, 5 µm 
diameter packing). Buffer A was H2O/ 0.1% TFA, and buffer B was acetonitrile/ 0.1% 
TFA. Peptides were eluted from the column over a 60 minute period with a gradient of 
10-60% buffer B. The elution profile was monitored at 350 nm.  Column chromatography 
was performed at room temperature and at a flow rate of 1 mL/ minute.  Where 
appropriate, 1 mL fractions with absorption peaks at 350 nm (Figures 2.3 and 2.5) were 
lyophilized and stored at -20 ºC.  Injection of a trypsin blank (no PSII) gave no 
significant 350 nm peaks (data not shown). 
 
2.3.5 2D electrophoresis and in- gel digestions of PSII proteins 
 To ensure that the red-shifted absorption spectra derive from a peptide-derived 
chromophore, Coomassie dye and bromophenol blue were omitted from the gel 
purification experiments.  B5A-derivatized, TW PSII membranes (~13 mg chlorophyll) 
were solubilized and separated in the first dimension as previously described (24). These 
CN-PAGE gels were run like Blue Native gels (41), without Coomassie dye in the 
buffers. The PSII dimer band deficient in light-harvesting complexes (24) was excised 
and run in the second dimension by Tricine-SDS-PAGE (Figure 2.2, step 3) (42). Bands 
were visualized with a zinc-imidazole negative stain (43). Protein bands were excised 
from the second dimension gels and cut into 1 mm3 cubes.  Residual zinc was removed by 
incubation with 50 mM EDTA for five minutes.  A tryptic digest was generated (Figure 
2.2, step 4C) with 2.5 μg/ mL of porcine trypsin (Promega, Madison, WI), as described 
by Rexroth et al. (44). Once extracted from the gel, samples were dried completely by 
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lyophilization and either stored at -20 °C or loaded directly onto an avidin affinity 
column. 
 
2.3.6 Avidin affinity chromatography 
 For selective purification of biotinylated peptides (B5A-derivatized), lyophilized 
peptide samples from in-situ or in-gel digests were reconstituted in 100 μL binding buffer 
(50 mM NaCl, 150 mM HEPES, pH 7.0) and loaded onto monomeric avidin resin spin 
columns (45) (Figure 2.2, steps 6A and  B). Peptides were allowed to bind overnight at 
room temperature and eluted with a 50% acetonitrile/ 0.1% TFA solution (45). An 
ELISA-like test (46) was used to quantify eluted peptides by comparison to a biotinylated 
insulin standard in concentrations ranging from 10 μM to 1 pM. Affinity purified samples 
were lyophilized and stored at -20 °C. 
 
2.3.7 UVRR of amino acids, chlorophyll a, and β-carotene 
 UVRR measurements were conducted by methods previously described (47,48).  
Spectra of the amino acids (Sigma-Aldrich, St. Louis, MO), histidine (20 mM), 
phenylalanine (20 mM), tyrosine (1 mM), and tryptophan (1 mM), were conducted in 5 
mM HEPES buffer, pH 7.5. The UVRR spectra were collected with a 250 µW, 229 nm 
beam excitation and a 21 minute exposure time (Figure 2.9).  Chlorophyll a (Sigma-
Aldrich) was dissolved in absolute ethanol at a concentration of 0.5 mg/mL.  β-carotene 
(Sigma-Aldrich) was dissolved in a 80:20 acetone:water mixture at a concentration of 1 
mg/mL.  The UVRR spectra were collected with a 360 µW, 325 nm laser beam for a 30 
minute exposure time (Figure 2.10). 
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2.3.8 Synthesis of the model compound, NFK  
 NFK (Figure 2.1A) was synthesized by formylation of commercially available 
kynurenine (95% purity, Sigma Aldrich, St. Louis, MO).  The method has been 
previously described (49) and is known to produce a mixture of the single formylated 
NFK, and a double formylated compound, N’, Nα-formylkynurenine (50). ESI MS 
analysis was used to characterize the product.  A Micromass Quattro LC, a triple 
quadrupole tandem mass spectrometer, was employed.  The MH+ peaks observed were 
236.8 and 265.0 m/z, consistent with the predicted MH+ masses for the singly and doubly 
formulated NFK at 237.2 and 265.2 m/z.  The relative intensities of the two peaks were 
approximately 1:2 (236.8:265:0), consistent with the expectation that a mixture of the 
singly and doubly formulated species was produced.  The electronic spectra of the singly 
and doubly formylated compounds have been reported to be indistinguishable (50). 
 
2.3.9 UV-visible spectrophotometry 
 Optical spectra in Figures 2.4C and 2.6 were recorded at room temperature from 
200-750 nm on a Hitachi (U3000) spectrophotometer.  The quartz cuvettes contained 200 
μL, the slit width was 2 nm, and the scan speed was 120 nm min-1. The optical spectra in 
Figures 2.4A and B were derived from the chromatogram through the use of a Beckman 
System Gold® HPLC (Brea, CA), equipped with a 125 solvent module, a 168 photodiode 
array detector (1 cm path length, 2 nm scan interval), and 32 Karat Software, version 7.0.  
Peptide samples were suspended in 200 μL of 50% acetonitrile/ 0.1% trifluoroacetic acid. 
The model compounds, 40 µM L-tryptophan (Sigma-Aldrich, St. Louis, MO), L-
kynurenine (Sigma-Aldrich, St. Louis, MO), and NFK (synthesis described above) were 
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suspended either in H2O or 50% acetonitrile/ 0.1% TFA. Reduction of NFK with NaBH4 
was performed by incubation of 40 µM NFK with 400 µM NaBH4 for 30 minutes at 
room temperature (51).  Reduction of a NFK-B5A mixture with 400 µM NaBH4 was 
performed using 40 µM NFK and 160 µM B5A. 
 
2.3.10 UVRR spectroscopy 
 A Renishaw (Hoffman Estates, IL) microprobe resonance Raman spectrometer 
was employed, as described (47,48).  A 15x objective was used to focus the laser beam 
on the sample and to collect backscattered radiation. Experiments were conducted at 
room temperature, and the slit width was 50 µm. 
 To reduce the fluorescence background, PSII peptides were both HPLC and 
affinity purified (Figure 2.2, steps 5B and 6A).  Lyophilized peptide samples were 
suspended in water/ 0.1% TFA to increase solubility.  A 3 µL peptide sample and a 360 
µW, 325 nm probe beam from a He-Cd laser (KIMMON, Tokyo, Japan) were used.  The 
325 nm probe was chosen to give resonance enhancement of the PSII chromophore.  The 
total exposure time for each spectrum was two minutes (47), and data from three 
individual experiments were averaged. The spectral resolution was 6 cm-1. 
 A 220 µW, 229 nm probe beam from a frequency-doubled Ar-ion laser 
(Cambridge LEXEL 95, Fremont, CA) was used to record Raman spectra of the model 
compounds, kynurenine and NFK, which were dissolved in water. These samples were 
recirculated at a flow rate ~4.5 m/s through a 120 µm diameter nozzle, which formed a jet 
(47). The total exposure time for each spectrum was two minutes (47).  The spectral 
resolution was 10 cm-1. 
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2.3.11 Peptide sequencing with MS/ MS 
 Lyophylized peptide samples were reconstituted in 50 µL buffer A (99.9% water, 
0.1% TFA) and analyzed on a Waters nanoHPLC C18 column (75 µm x 150 mm, 130 Å, 
1.7 µm). For reverse phase chromatography, a gradient of buffer A (99.9 % H2O, 0.1 % 
TFA) and buffer B (99.9 % acetonitrile, 0.1 % TFA) was used.  For MS analysis, a 
Thermo LTQ Orbitrap mass spectrometer was operated in a duty cycle consisting of one 
400-2000 m/z FT-MS and four MS/MS LTQ scans. 
 
2.3.12 MS/ MS data analysis 
 For analysis of the LC-MS/MS data, the Sequest algorithm (52), implemented in 
the Bioworks software (Thermo Scientific, Waltham, MA), was applied for peptide 
identification versus a database.  The database consisted of all spinach protein sequences 
present in National Center for Biotechnology Information (NCBI).  For detection of 
modified peptides, a tryptophan modification of 31.98928 m/z was used as a parameter 
during the search. 
 
2.3.13 Photoinhibition experiments 
 Photoinhibition experiments were conducted with intact PSII (22,53,54).  Samples 
were illuminated with white light from a Dolan-Jenner (Boxborough, MA) Fiber-Lite 
illuminator.  The applied light intensity was ~9,000 µmol photons m-2 s-1) when measured 
with a Li-Cor (Lincoln, NE) Light Meter (model LI-189, with a ~8 cm diameter sensor) 
before the sample. The light intensity was ~7,000 µmol photons m-2 s-1) when measured 
after an empty sample tube. During illumination, PSII samples were maintained at 25 ºC 
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by immersion in a water bath. The same two hour illumination experiment was also 
conducted without the water bath.   During this time, the temperature was observed to 
increase to 37 ºC. As dark controls, PSII samples were incubated for two hours either at 
room temperature (~ 25 ºC) or at 37 ºC. 
 These conditions are similar to those described in the literature.  For example, in 
spinach PSII membranes, at 25 ºC, and a light intensity of 4,000 µmol photons m-2 s-1), 
the half-time for oxygen evolution was reported as ~30 minutes (55). In spinach 
thylakoid membranes, at 20 ºC, and a light intensity of 7,000 µmol photons m-2 s-1, the 
half-time was ~25 minutes (56). A light intensity of 5,000 µmol photons m-2 s-1 at 25 ºC 
was used for studies of photoinhibition and degradation of the spinach CP43 subunit in 
spinach PSII membranes (57). 
 For quantitation of the amount of NFK induced by photoinhibition, the intact PSII 
samples were digested with trypsin, and an HPLC assay was performed. Briefly, tryptic 
peptides were injected onto a C18 column, and the elution was monitored with a diode 
array detector, as described above.  To quantitate the yield of the NFK-containing 
peptide, the area of the 350 nm peak was calculated using instrument software.  This 
value was normalized to the total integrated area in the 220 nm chromatogram (0-50 
min).  This normalization provides an internal standard and corrects for any changes in 
the yield of tryptic peptides.  Experiments were performed 3-7 times, and the values were 
averaged.  Oxygen evolution experiments (35) were performed under the same 
conditions, i.e., after a two hour dark incubation or a two hour illumination (with water 





2.4.1 Isolation of the amine- binding chromophore 
Following purification from spinach (33), PSII membranes were depleted of the 
18-kDa, 24-kDa, and psbO extrinsic polypeptides, as well as the Mn4CaO5 cluster 
(36,37).  These modifications allow access to the sterically-hindered core complex where 
covalent amine-binding occurs (Figure 2.2, step 1) (26,27).  TW PSII membranes were 
reacted with a primary amine-biotin conjugate, B5A (Figure 2.1B) by incubation in light 
(Figure 2.2, step 2). Previous work demonstrated that PSII core subunits form stable 
covalent adducts with amines under these conditions, and binding was attributed to 
reactive carbonyl groups in PTMs (23,26,27).  In our experiments, the biotin-linked 
amine allowed the selective purification of peptides by avidin affinity chromatography 
(Figure 2.2, steps 6A & B).  Binding of B5A was confirmed by Western blot of a sodium 
dodecyl sulfate-polyacrylamide gel (SDS-PAGE) of B5A-derivatized PSII and by 
detection with an avidin-alkaline phosphatase conjugate (data not shown) (38). 
Following derivatization, in-situ digestion was employed to release modified, 
surface exposed peptides. This method was used previously to identify surface-exposed 
phosphorylation sites in Arapidopsis thylakoid membranes (58). B5A-derivatized TW 
PSII was trypsin digested overnight (Figure 2.2, step 4B), cleaved peptides were 
separated from undigested PSII by centrifugation, and the peptides were subjected to 
HPLC (Figure 2.2, step 5B). When a 10-60% acetonitrile/ 0.1% TFA gradient was used 
and the peptide elution was monitored at 350 nm, three fractions with unique red-shifted 
absorption peaks were observed (Figure 2.3A). The fractions had retention times of ~28 
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min (fraction 1), ~35 min (fraction 2), and ~36 min (fraction 3).   Unlabeled peptides 
gave a similar 350 nm chromatogram (Figure 2.3B). These peaks were also present in 
intact PSII membranes (Figure 2.5). 
 
Figure 2.2. Overview of peptide isolation and analysis.   Peptide isolation by in-situ 
digestion: In step 1, intact PSII was Tris-washed (TW) to remove the extrinsic subunits 
and the Mn4CaO5 cluster. The TW PSII was either directly trypsin digested in-situ (step 
4A) or derivatized with B5A (step 2), and then subjected to digestion (step 4B).  Both 
sets of peptides were separated by HPLC (steps 5A and B).  For some experiments, 
HPLC purified peptides were subjected to avidin affinity chromatography (step 6A).  
Peptide isolation by 2D gel electrophoresis: B5A-derivatized peptides were 
electrophoresized in two dimensions (step 3), in-gel digested, and then extracted from the 
gel (step 4C). For some experiments, the extracted peptides were subjected to avidin 
affinity chromatography (step 6B). Analysis: HPLC-purified peptides were characterized 
by their optical UV absorption. HPLC and affinity purified peptides were analyzed by 




Figure 2.3. HPLC separation of peptides derived from TW PSII by in situ trypsin 
digestion.  The chromatograms were monitored at 350 nm and show three fractions with 
the retention times noted.  In (A), TW PSII was unlabeled. In (B), TW PSII was B5A-
labeled.  Chromatograms were displaced by an arbitrary amount on the y axis for 
comparison.  Each y-axis tick mark represents 120 milli-absorbance units. 
 
The absorption spectra of these unlabeled and B5A-labeled fractions are shown in 
Figure 2.4A and B, respectively.  As derived from the HPLC detector, the spectra all 
exhibited maxima between 326 and 336 nm. Small shifts may be due to overlap with a 
280 nm shoulder, which is indicative of tyrosine absorption (59).  The spectra of the 
fractions also showed strong 220 nm absorption from the peptide bond (60), but no 
visible absorption, which is characteristic of photosynthetic pigments. The observation of 
these 220 and 280 nm absorption bands supports the conclusion that the fractions contain 
peptides, which have been post-translationally modified to produce a chromophore with a 




Figure 2.4. Absorption spectra of peptides, derived from tryptic digestion of TW PSII.  
In (A) and (B), the peptides were separated by HPLC.  The 350 nm chromatogram 
exhibited three fractions with approximate retention times of 28 (fraction 1), 35 (fraction 
2), and 36 (fraction 3) min (Figure 2.3).  (A) Absorption spectra of fraction 1 (solid line), 
fraction 2 (dotted line), and fraction 3 (dashed line) from samples in which PSII was not 
treated with B5A.  (B) Absorption spectra of fraction 1 (solid line), fraction 2 (dotted 
line), and fraction 3 (dashed line) from samples in which PSII was treated with B5A.  
Fraction 1 corresponds to a CP43 peptide.  (C) Absorption spectra of 2D gel-purified, 
B5A labeled-CP43 peptides before (dotted line) and after (solid line) affinity 
chromatography.  The data in the dashed black line in (C) is the spectrum of B5A alone. 
Spectra shown in (A) and (B) were derived from the HPLC chromatogram and are an 






Figure 2.5. HPLC chromatograms of tryptic peptides from intact PSII membranes.  The 
shaded peak at ~27 minutes corresponds to fraction 1 and contains a CP43 peptide with 
Trp-365 modified to NFK. Elution was monitored at 350 nm. PSII was maintained in the 
dark at room temperature (~25 ºC) (A) or 37 ºC (B) for two hours. PSII was illuminated 
with white light (C and D) at a light intensity of ~7,000 µmol photons m-2 s-1) for two 
hours.  In (C), the temperature under illumination was maintained at 25 ºC. In (D), the 
temperature under illumination was allowed to increase to 37oC. Chromatograms were 
displaced in the y-direction for comparison, and the y-axis tick marks correspond to 20 
milli-absorbance units.  As an internal standard, the chromatograms were normalized to 
the total 220 nm absorption, which was integrated from 0-50 min.  The 350 nm peak at 
26 min is not observed in tryptic digests of TW PSII (Figure 2.3). 
 
To identify the 325 nm chromophore in the peptide samples, a comparison was 
made to model compounds.  Some oxidative tryptophan products, such as 
hydroxytryptophan, dioxyindolylalanine, and oxyindolylalanine, absorb near 295 nm, 
only slightly red-shifted from the tryptophan absorption band (61,62).  However, other 
PTMs of tryptophan, including NFK and kynurenine (Figure 2.1A), show more red-
shifted absorption (51,63).  To compare with the peptide spectra, NFK was synthesized 
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by formylation of commercially available kynurenine.   As shown in Figure 2.6A, NFK 
had an absorption peak at ~320 nm (Figure 2.6A, red), while kynurenine had a longer 
wavelength absorption maximum at ~365 nm (Figure 2.6A, blue).  Both spectra were red-
shifted compared to the tryptophan absorption maximum at ~280 nm (Figure 2.6A, 
black).  The absorption maximum of NFK was slightly solvent dependent, showing a 
shift from 318 to 324 nm when water (Figure 2.6A, solid red) was compared to 50% 
acetonitrile/0.1% TFA (Figure 2.6A, dashed red).  The peptide spectra (Figure 2.4A and 
B) exhibited a clear similarity with the NFK spectrum (Figure 2.6A, red), making NFK a 
candidate for the PTM. 
 
Figure 2.6. Absorption spectra of model compounds. (A) Spectra of 40 µM tryptophan in 
water (black, solid line) and in 50% acetonitrile/ 0.1% TFA (black, dashed line).  Spectra 
of 40 µM kynurenine in water (blue, solid line) and in 50% acetonitrile/ 0.1% TFA (blue, 
dashed line).  Spectra of 40 µM NFK in water (red, solid line) and in 50% acetonitrile/ 
0.1% TFA (red, dashed line).  (B) Spectra of a mixture of 40 µM NFK and 160 µM B5A 
(brown) and when treated with 400 µM NaBH4 in water (cyan).  Spectrum of 160 µM 
B5A when treated with 400 µM NaBH4 in water (red).  Spectrum of 40 µM NFK when 
treated with 400 µM NaBH4 (violet) in water. Spectra shown in (A) and (B) were 
displaced by an arbitrary amount on the y-axis for comparison. 
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2.4.2 MS/ MS identifies a NFK modification in the CP43 subunit 
HPLC fractions 1-3 were purified by a second round of chromatography, avidin 
affinity (Figure 2.2, step 6A). Applying LC-MS/MS analysis to the purified peptide 
samples resulted in  unambiguous identification of a CP43 peptide, 
363AP[W*]LEPLRGPNGLDLSR379, in fraction 1 with a p-value of 10-7 and displaying a 
mass shift of +32 m/z on Trp-365 (Figure 2.7).  These results are indicative of an NFK 
modification. In fraction 2, a peptide of CP24, 169PDSQSVE[W*]ATPWSR184, with a 
NFK modification was observed (data not shown).  There were no spectra detected 
consistent with the B5A-labeled peptides, however, suggesting that the adduct of NFK 
and B5A was not stable under the conditions employed for mass spectrometry. 
 
Figure 2.7. MS/MS spectrum assigned to the triply charged CP43 peptide 
363AP[W*]LEPLRGPNGLDLSR379. The labels in the figure indicate the N-terminal 
amino acids for the b-fragments and the C-terminal amino acids for the y-fragments. W is 
bold face because this residue carries a +32 m/z modification.  The mass shift of +32 m/z 
can be unambiguously assigned to Trp-365 due to the y2+-ion series and b-ion series. All 
relevant signals in the MS/MS spectra, which are complex due to the presence of singly, 
doubly and triply charged fragment ions, can be explained by the peptide sequence. 
*Tandem mass spectrometry experiments in Figure 2.7 were performed by Sascha 
Rexroth (Department of Biology, Ruhr-Universitӓt, Bochum, Germany).  
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2.4.3 2D gel electrophoresis 
 To confirm that the chromophore arises from a PTM in a PSII peptide, PSII core 
peptides were purified by 2D gel electrophoresis.  For these experiments, B5A-labeled 
PSII was solubilized and electrophoresized in the first dimension by non-denaturing CN-
PAGE (41), which separates the PSII membranes into dimer complexes with varying 
amounts of light-harvesting proteins (24).  All gels were run without Coomassie or 
bromophenol blue to eliminate possible spectral artifacts from the dyes. The PSII dimer 
complex, which is deficient in light-harvesting proteins (24), was excised and resolved 
into individual polypeptides in the second dimension (Figure 2.2, step 3) (42). Due to 
their similarity in electrophoretic mobility, the CP43 and CP47 protein bands were not 
fully resolved.  MS/MS analysis, following in-gel digestion and peptide extraction 
(Figure 2.2, step 4C), validated the band identities (data not shown). The identities were  
also substantiated by previous work (24,64). Although in-situ these polypeptides bind 
many pigment molecules, the non-covalently bound pigments were separated from the 
proteins under the denaturing gel conditions in the second dimension.  Therefore, this 
experiment eliminated chlorophyll or carotenoid (or their degradation products) as 
possible sources of the optical absorption.    
  Before affinity chromatography (Figure 2.2, step 6B), the absorption spectrum of 
the gel extracted sample exhibited only absorption characteristics of tyrosine containing 
peptides, with a 280 nm absorption band (59) (Figure 2.4C, dotted line). However, upon 
affinity purification of the gel-extracted peptide mixture, a ~322 nm peak was observed 
(Figure 2.4C, solid line). This band resembled the chromophore absorption observed in 
the HPLC purified peptides (Figure 2.4A and B).  The λmax was similar to the spectra 
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recorded from the HPLC fractions, given the increased scattering background in the gel-
extracted samples.  Figure 2.4C also shows that the B5A compound itself does not 
contribute to the optical absorption (Figure 2.4C, dashed line), although affinity 
chromatography was essential for the selection of the modified peptides.  
 
2.4.4 Proposed structure of the B5A adduct 
 NFK is expected to react with hydrazines, hydrazides, and amines (65-67).  
Figure 2.1C presents two possible structures for the B5A-NFK adduct formed in our 
experiments.  The small 2 m/z mass difference between the two structures may not be 
distinguishable by low resolution peptide mass spectrometry. Figure 2.1C, complex 1, is 
a covalent adduct, formed by nucleophilic addition of the B5A label at the C4 position of 
NFK and a subsequent reduction reaction. Figure 2.1C, complex 2, is another possibility 
for the formation of a B5A-derived amidine, in which the nucleophilic addition occurs at 
the N-formyl carbon. While complex 1 should be quite stable during MS and should be 
observed in MS/MS spectra, complex 2 is expected to break preferentially at the NFK-
B5A interface and escape MS/MS detection. 
 To distinguish between these two possible structures, we considered the effect of 
reduction on the optical spectrum.  As shown in Figure 2.6B, addition of sodium 
borohydride (NaBH4) and reduction of the C4 carbonyl group eliminated the 318 nm 
absorption of NFK (compare Figure 2.6A, red and Figure 2.6B, violet).  Addition of 
sodium borohydride to a mixture of NFK and B5A had a similar effect (Figure 2.6B, 
brown and cyan).  This result suggests that reduction of the carbonyl group of NFK will 
eliminate the 322 nm absorption.   Because the 322 nm band was observed in the labeled 
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peptides, consideration of these optical properties supports an assignment of complex 2 
as the covalent adduct. 
 
2.4.5 UVRR spectroscopy of the chromophore 
 To obtain more information concerning the structure of the B5A peptide complex, 
UV resonance Raman (UVRR) was employed (68).  Figure 2.8A and B are the Raman 
spectra of kynurenine and NFK model compounds, respectively. These data were 
obtained with 229 nm excitation.  The Raman spectrum of kynurenine could not be 
acquired at 325 nm, due to a large fluorescence background.  The Raman spectrum of 
NFK, obtained either with 229 or 325 nm probe beams, displayed a band at 1242 cm-1.   
There was no observable signal from the B5A label alone, either at 229 or 325 nm, due to 
lack of resonance enhancement (data not shown). 
 In Figure 2.8B, unique bands assignable to the NFK N-formyl group were 
observed at 1667 and 1242 cm-1.  A band between 1040 and 1053 cm-1 was observed both 
in the kynurenine and the NFK Raman spectra (Figure 2.8A and B).  These bands are 
characteristic of the oxidized indole group (31,69).   These spectral features were not 
observed in the UV Raman spectra of the aromatic amino acids, histidine, tryptophan, 
tyrosine, and phenylalanine (Figure 2.9). For example, unmodified tryptophan exhibited a 
benzene breathing mode at 1009 cm-1 (Figure 2.9B).  In addition, these bands were not 
observed in spectra derived from chl a or a carotenoid, after correction for solvent 




Figure 2.8. UVRR spectra of chromophore-containing PSII peptides and model 
compounds.  Spectra of kynurenine (A) and NFK (B) in water, recorded with 220 µW, 
229 nm laser excitation. (C) Spectra of the chromophore-containing peptides from HPLC 
fractions 1 (solid line), 2 (dotted line), and 3 (bold dotted line) (see Figure 2.3B), 
recorded with 360 µW, 325 nm laser excitation. The peptides were B5A-derivatized, 
purified both by HPLC and by affinity chromatography, and suspended in H2O/ 0.1% 
TFA.  (D) shows the UVRR spectrum of H2O/ 2% TFA only, and the bands assigned to 
TFA are indicated with a “*”.  The spectra were displaced by an arbitrary amount on the 




 Previous FT-Raman measurements on NFK assigned a band at 1050 cm-1 to the 
ring system, a band at 1604 cm-1 to a ring stretching mode, and bands at 1239 and 1685 
cm-1 to the N-formyl group (69).  In addition, bands at 1052 and 1050 cm-1 were observed 
for NFK modifications in lysozyme (69) and egg white ovalbumin (31), respectively.  
Formamide gave rise to Raman bands at 1670, 1599, 1391, 1313, 1098, 1048, and 983 
cm-1 (70). In anilides, the carbonyl band was observed at higher frequency (1704 cm-1 in 
formanilide), due to delocalization of the unpaired electrons on the formamide nitrogen 




Figure 2.9. UVRR spectra of amino acids. Spectra of histidine (A), tryptophan (B), 
tyrosine (C), and phenylalanine (D) in HEPES, pH 7.5 were recorded with a 250 µW, 229 
nm probe. The total exposure time was 21 minutes. The spectra were displaced by an 
arbitrary amount on the y-axis for comparison.  Each y-axis tick mark represents 20,000 
arbitrary intensity units (A.U.). 
 
 
 Because the UV Raman spectrum is specific for the contribution of NFK, the 
Raman spectrum of derivatized peptide samples was obtained with a 325 nm probe 
(Figure 2.8C), which resonantly enhances the chromophore.  In peptides purified by 
HPLC only (Figure 2.2, step 5B), a strong fluorescence background obscured the Raman 
signal. Therefore, samples were subjected to purification by affinity chromatography 
(Figure 2.2, step 6A), which reduced the background fluorescent signal.  The resulting 
Raman spectra of all three HPLC, 350 nm absorbing fractions were similar (Figure 2.8C).  
These results imply that all three fractions contain the same PTM.  Comparison with the 
TFA buffer spectrum (Figure 2.8D) showed that bands at 841, 1203, and 1435 cm-1 arise 
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from TFA. The Raman spectra of all three peptide fractions displayed a band at 1044 cm-
1, which is consistent with the presence of NFK in all three fractions.  The shift from the 
1053 cm-1 frequency observed in NFK alone (Figure 2.8B) may be due to reaction with 
the B5A label.  No vibrational bands from the N-formyl group (1242 and 1667 cm-1) were 
observed, supporting the interpretation that complex 2 (Figure 2.1C) is the stable 
structure. 
 
Figure 2.10. UVRR of chlorophyll a and β-carotene. Spectra of chlorophyll a (A) in 
ethanol (B) and β-carotene (C) in an 80:20 acetone-water mixture (D) were recorded with 
a 360 µW, 325 nm laser probe.  The total exposure time was 30 minutes.  The spectra 
were displaced by an arbitrary amount on the y-axis for comparison.  Each y-axis tick 
mark represents 400,000 arbitrary intensity units (A.U.). 
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2.4.6 Yield of NFK in TW PSII 
 Using an extinction coefficient of 3750 M-1 cm-1 at 321 nm (63), the yield of NFK 
in TW PSII can be estimated. For the HPLC experiment, fraction 1 was collected, the 
sample was concentrated to 200 µl, and the absorption spectrum was measured on a 
Hitachi spectrophotometer.  Starting with 6 mg chl or 24 nmole PSII reaction center (72), 
the NFK yield (on a reaction center basis) was estimated as ~7% in the HPLC method.  
For the 2D gel experiment, peptides were extruded from the gel, concentrated to 200 µl, 
and the absorption spectrum was measured as described above (Figure 2.4C).  Starting 
with 13 mg chl or 52 nmole PSII reaction center (72), the NFK yield was estimated as 
~6% in the 2D gel method. 
 
2.4.7 Photoinhibition increases the yield of NFK in intact PSII 
 Our MS/MS data support the interpretation that NFK is formed by PTM of Trp-
365 in the CP43 subunit.  NFK can be generated from tryptophan by ROS (73,74). These 
species, including singlet oxygen (1O2,), hydrogen peroxide (H2O2), superoxide anion 
(O2-), and hydroxyl radical (•OH) (75), have been proposed to be involved with 
photoinhibition in PSII.  However, the mechanism of their involvement remains 
controversial (reviewed in 76,77). High light conditions have been linked to oxidative 
modification of Arabidopsis PSII in proteomic studies (21).  We have previously reported 
that substitutions at Trp-365 increase the rate of photoinhibition (22).  The magnitude of 




 To probe for a possible connection between the yield of NFK and photoinhibition, 
we compared 350 nm chromatograms of tryptic peptides obtained from intact PSII 
(Figure 2.5).  The integrated area of the 350 nm peak, derived from fraction 1, was 
corrected for the total integrated absorption at 220 nm. This normalization is an internal 
standard, which corrects for any change in the total yield of tryptic peptides. In this 
experiment, intact PSII samples were maintained in the dark at room temperature (~25 
ºC) (Figure 2.5A) or in the dark at 37 ºC (Figure 2.5B).  These dark-maintained, intact 
PSII samples gave a 350 nm fraction, with a similar retention time to TW PSII fraction 1 
(Figure 2.5A and B, shaded peaks and Figure 2.3).  The fraction 1 yield in dark 
maintained PSII was estimated as 0.3% on a reaction center basis.  The NFK yield was 
not significantly altered by an increase in temperature in the dark.  Comparison of the 
integrated areas (Figure 2.5, shaded peaks, fraction 1), derived from dark-maintained 
PSII at 25 ºC and at 37 ºC, gave a ratio of 1.1 + 0.1. 
 Intact PSII samples were also illuminated with white light for two hours under 
temperature-controlled conditions at 25 ºC (Figure 2.5C) or under conditions in which the 
temperature of the sample increased to 37 ºC (Figure 2.6D).  An increase in peak height 
was observed after two hours of illumination.  This increase was observed when the 
temperature was controlled at 25oC (ratio 2.4 + 0.8, Figure 2.5C, shaded peak) or when 
the temperature was allowed to increase to 37 ºC (ratio 2.2 + 0.5, Figure 2.5D, shaded 
peak). 
 The steady state rate of oxygen evolution was also measured under the same 
conditions (35).  Before illumination, the average rate was 740 + 50 µmol O2 mg chl-1 hr-
1.  After two hours in the dark, the rate was 630 + 30 µmol O2 mg-1hr-1.  However, with a 
 
 68
2 hour illumination, the rate declined to 270 + 60 µmol O2 mg chl-1 hr-1.  The 2.4 + 0.5 
fold decrease in activity is similar to the increase observed in NFK yield.  Therefore, 
these results suggest that the NFK modification at Trp-365 is induced by illumination and 





 In this paper, we provide evidence that PSII contains a modified form of 
tryptophan, NFK.  Mass spectrometry on purified peptides shows a mass shift of +32 m/z 
for the 363AP[W*]LEPLRGPNGLDLSR379 peptide from CP43.  This mass shift and 
peptide sequencing by MS/MS are consistent with a double oxidation of Trp-365.  
Optical absorption and UV resonance Raman data support the conclusion that CP43 
peptides contain NFK. In these experiments, NFK was observed following in-situ and in-
gel tryptic digestion.  The yield of NFK in TW PSII was significant, and the yield 
increased when intact PSII was subjected to photoinhibitory conditions. 
 
2.5.2 Generation of NFK and NFK in other proteins 
 NFK has been identified in other proteins by mass spectrometry, including bovine 
heart mitochondrial proteins (78), rat skeletal muscle proteins (79), bovine α-crystalline 
(80), and spinach LHCII (32). NFK is formed by the reaction of ROS with tryptophan 
side chains in proteins (73).  One potential reactive species is singlet oxygen, 1O2 (74). 
Initial reaction of tryptophan with 1O2 has been proposed to form one of two unstable 
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intermediates.  A dioxetane derivative intermediate can form across the C2-C3 indole 
ring bond; subsequent ring cleavage gives NFK.  On the other hand, an intermediate 
hydroperoxide, formed at the C3 position on the indole ring, can also decompose to form 
NFK (81).  Therefore, we propose that NFK is formed by a reaction between Trp-365 and 
1O2. 
 
2.5.3 Other modifications at Trp-365 
 Other modifications of Trp-365 in the lumenal loop of CP43 (Trp-352 in 
Synechocystis sp. PCC 6803) have been reported previously (22).  The data were 
obtained by tandem mass spectrometry (22) and were consistent with modification of the 
side chain to kynurenine (+4 m/z), oxindolalanine (+16 m/z), and a hydroxy-indole 
derivative (+18 m/z). The oxindolalanine and hydroxy-indole derivatives were proposed 
to be intermediates produced during oxidative cleavage to give kynurenine (22).  None of 
these species are expected to show an absorption maximum at 325 nm (61,62), as 
observed here for the NFK-containing peptides.  NFK can be formed as a stable 
intermediate during the production of kynurenine (Figure 2.1A) (49).  In previous work, 
kynurenine was observed to be present in PSII which had not been TW and had not been 
subjected to gel electrophoresis (22).  Kynurenine was also observed in PSII, which had 
been maintained in the dark.  Taken together with the results described here, these data 






2.5.4 Analysis of three different HPLC fractions 
 In this work, three 350 nm absorbing fractions, with reproducible retention times, 
were observed with HPLC purification of TW PSII peptides.  UV resonance Raman 
studies suggest that all three fractions contained the same, B5A-derivatized NFK 
chromophore.  The NFK modification in CP43 was confirmed by MS/MS of fraction 1.  
An NFK modification in a light harvesting protein (CP24) was observed in fraction 2.  
However, the modified peptide detected in fraction 1 was the result of incomplete tryptic 
digestion.  Therefore, it is possible that other fractions contain a different cleavage 
product of the same CP43 peptide.  In addition to 325 nm absorption, all three fractions 
exhibited a 280 nm peak, which is indicative of tyrosine absorption.  It should be noted 
that the NFK containing CP43 sequence does not contain tyrosine 
(363AP[W*]LEPLRGPNGLDLSR379). Thus, other tyrosine-containing peptides must be 
present in all three eluting fractions.  Our MS analysis of the fractions provided evidence 
for ~40 peptides, even after HPLC and affinity purification (data not shown).  Such 
complexity can be attributed to the challenges of MS/MS as applied to membrane 
associated peptides. 
 
2.5.5 Proposed structure of the B5A- labeled NFK complex 
 In some of our experiments, a biotinylated amine was used to label the NFK-
containing peptide.  Amines and hydrazines are expected to label activated carbonyl 
groups (26 and references therein).  In other proteins, it has been suggested that 
kynurenine and NFK react with hydrazine.  These proteins include low-density 
lipoprotein (LDL) (82), cucumber microsomal membrane proteins (66) and ribulose-1,5-
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bisphosphate carboxylase oxygenase (Rubisco) (66).  In bovine serum albumin (65) and 
α-crystallin (65), NFK was proposed to crosslink with lysine residues.  On the other hand, 
in PSII, a complex between kynurenine and a hydrazide labeling reagent was not 
observed by MS/MS (22). 
 NFK may react with amines to form an adduct at the C4 position (Figure 2.1C, 
complex 1).  Reaction of the amine and electrophilic carbon produces a Schiff base, 
which can be reduced to give the stable product shown in complex 1.  Previous work has 
indicated that reducing equivalents are produced during PSII light reactions.  These 
reducing equivalents were observed to stabilize amine-PTM complexes (27).  On the 
other hand, reaction of the amine with the NFK formamide group would give the 
structure shown in Figure 2.1C, complex 2.  Although amide groups do not usually react 
with amines, a similar product complex was observed between N-acetyl-
formylkynurenine and dimethyl-p-benzoquinonediimine in solution (83).  Delocalization 
of the unpaired electrons on the nitrogen into the aromatic ring may help to activate the 
formamide carbon (71).  It should be noted that we have not observed the labeled NFK 
adduct by MS/MS.  However, our optical and resonance Raman data support binding of 
the amine label, B5A, at the formamide group, as shown in complex 2. An addition at the 
N-formyl carbon would provide a breaking point during collision induced dissociation, 
which could lead to the neutral loss of the B5A moiety during MS analysis. 
 
2.5.6 Photoinhibition and high light stress 
 Examination of CP43 protein sequences in other organisms, both prokaryotes and 
eukaryotes, indicates strict sequence conservation of Trp-365. This conservation suggests 
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a functional role for this residue.  We hypothesize that Trp-365 may play a role in 
protection from photoinhibition (22).  In PSII, photoinhibition is the light-induced 
inactivation of photosynthetic activity induced by excess light energy (reviewed in 84). 
The results are a decreased efficiency in electron transfer, damage and degradation of the 
D1 and other PSII subunits, and finally repair by de novo protein synthesis.  When the 
rate of repair is slower than the rate of degradation, a loss of PSII activity is observed 
(84).   This cycle of damage and repair must be coordinated, and the mechanisms of these 
reactions have not yet been elucidated. 
 Photoinhibition may occur by two different mechanisms (reviewed in 
77,84,85,86). In the acceptor side photoinhibition model, damage is initiated by charge 
separation in reaction centers that contain a reduced quinone, QA-.  Recombination leads 
to the product of triplet chlorophyll, 3chl, species (87).  Changes in the midpoint potential 
of QA- may alter the susceptibility of PSII to photoinhibition (reviewed in 85).  In donor 
side photoinhibition, damage is initiated by inactivation of the OEC and water oxidation.  
Under these conditions, P680+, which has a high potential, has a long lifetime and can act 
as an oxidant for prosthetic groups and amino acid residues (reviewed in 85). 
 
2.5.7 ROS and high light stress in PSII 
 We attribute the formation of NFK to the reaction of Trp-365 with 1O2. In PSII, 
1O2 can be formed by photo-excitation of chlorophyll molecules, which results in 
formation of 3chl (88).  ROS and 3chl are generated by charge recombination in acceptor 
side inhibition (87,89).  1O2 has been detected by spin trapping in photoinhibited PSII 
(76,90) and by a fluorescence sensor in Arabidopsis leaves (91).  Chemical trapping in 
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PSII reaction center preparations, which lack the quinone acceptors, has also detected 1O2 
(92).  Other ROS species may be formed in donor side photoinhibition (76,90).  
 While a correlation between ROS production and photodamage is largely 
accepted, there is no consensus on the specific role of 1O2 (see 90 and references therein).   
One view suggests direct involvement of ROS in damage and increased turnover of the 
reaction center D1 protein (93).  This can occur directly, because ROS damage can lead 
to peptide bond cleavage (73).  Alternatively, ROS induced modifications could cause a 
protein conformational change, which allows access of specific proteases to the D1 
subunit (22,94,95).  Finally, 1O2 may inhibit the D1 repair cycle (for example, see 96).  
These roles of ROS are not mutually exclusive. 
 
2.5.8 Proposed role for NFK- 365 in photoinhibition 
 In this paper, we provide evidence that NFK is present in dark maintained PSII, 
and that the yield of NFK increases by a factor of two under high light intensity in intact 
PSII.  This change was accompanied by a ~2 fold decrease in steady state oxygen 
evolution rate.  Previous preliminary characterization of site directed mutations at Trp-
365 reported that the Trp provides photoprotection (22). The 1.9 Å resolution crystal 
structure (3) of cyanobacterial PSII shows that Trp-365 is ~17 Å from the water oxidizing 
complex (Figure 2.11). Trp-365 is found in a CP43 loop region, which is in close 








Figure 2.11.  Location of CP43 Trp-365, a site of NFK modification, in the PSII 
structure from the cyanobacterium, T. vulcanus (3) (PDB 3ARC). The CP43 protein 
backbone is shown in yellow, and the D1 and D2 proteins are shown in white and blue, 
respectively. The Mn4CaO5 cluster is displayed in purple and orange; the Tyrz side chain 
is shown in blue.  Trp residues located within 20 Å of the Mn4Ca cluster are shown.  The 
side chain of CP43 Trp-365, which is modified to NFK, is shown in red. Trp-359 (CP43), 
Trp-291 (CP43), and Trp-328 (D2) are shown in green. The measured distances to the 
Mn4Ca are 17 Å for Trp-365 (CP43), 16 Å for Trp-359 (CP43), 11 Å for Trp-291 (CP43), 
and 15 Å for Trp-328 (D2). 
 
 
 Taken together, these observations suggest a role for modification of Trp-365 in 
the high light induced, damage/repair cycle. This could be accomplished by two different 
mechanisms.   In the first, Trp-365 may act as a ROS scavenger, and in the second, Trp-
365 may serve as signal, which facilitates reaction center repair.  It should be noted that 
Trp-359 and 291 in CP43, as well as Trp-328 in D2, are also within 17 Å of the OEC 
(Figure 2.11).  In our MS/MS experiments, we have seen no evidence for NFK 
modifications of these sidechains, although Trp-359 was observed in the +16 m/z form 





 We have identified an oxidative modification of tryptophan in the CP43 subunit 
of PSII.  This NFK is a UV absorbing chromophore, which is formed by the oxidation of 
a Trp side chain by ROS.  We propose that NFK plays a role in protection and repair 
during photoinhibition. The evolutionarily conserved residue may act as a 1O2 scavenger.  
Alternatively, oxidation of the tryptophan may promote repair by signaling for 
degradation or enabling efficient removal of the damaged D1. 
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 Light stress in plants results in damage to the water oxidizing reaction center, 
photosystem II (PSII).  Redox signaling, through oxidative modification of amino acid 
side chains, has been proposed to participate in this process, but the oxidative signals 
have not yet been identified.  Previously, we described an oxidative modification, N-
formylkynurenine (NFK), of W365 in the CP43 subunit. The yield of this modification 
increases under light stress conditions, in parallel with the decrease in oxygen evolving 
activity.  In this work, we show that this modification, NFK365-CP43, is present in 
thylakoid membranes and may be formed by reactive oxygen species produced at the 
Mn4CaO5 cluster in the oxygen- evolving complex. NFK accumulation correlates with 
the extent of photoinhibition in PSII and thylakoid membranes. A modest increase in 
ionic strength inhibits NFK365-CP43 formation, and leads to accumulation of a new, 
light-induced NFK modification (NFK317) in the D1 polypeptide.  Western analysis 
shows that D1 degradation and oligomerization occur under both sets of conditions.  The 
NFK modifications in CP43 and D1 are found 17 and 14 Angstrom from the Mn4CaO5 
cluster, respectively.  Based on these results, we propose that NFK is an oxidative 
modification that signals for damage and repair in PSII.  The data suggest a two pathway 
model for light stress responses.  These pathways involve differential, specific, oxidative 
modification of the CP43 or D1 polypeptides. 
 
3.2 Introduction 
 In plants, algae and cyanobacteria, Photosystem II (PSII) catalyzes the photo-
oxidation of water to O2 and protons (1). The electrons derived from water are transferred 
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sequentially to two quinone molecules, QA and QB, on the acceptor side of the reaction 
center (2).  The cyanobacterial PSII structure was solved to 1.9 Å resolution (2-7). The 
membrane-spanning D1 and D2 proteins form the core of the reaction center. These 
proteins bind the catalytic oxygen evolving complex (OEC), which is a Mn4CaO5 cluster, 
chlorophyll (chl), pheophytin, and the plastoquinones, QA and QB, (2). The CP43 and 
CP47 proteins are also found in the core of PSII (reviewed in (8)). CP43 and CP47 span 
the membrane in the PSII complex, and these subunits contain flexible, hydrophilic loops 
that protrude into the lumen. Substitutions of amino acids in these loops have 
demonstrated their importance for complex assembly and protection from photoinhibition 
(8). Calcium and chloride cofactors are essential for optimal activity under native 
conditions (9). 
 Light stress causes protein damage and suboptimal photosynthetic rates in PSII 
(10,11).  A decrease in steady state oxygen evolution, as well as accelerated D1 turnover, 
is the result.  Recovery from photoinhibition involves PSII disassembly, proteolysis of 
damaged D1, and de novo synthesis of a new D1 protein.  Re-insertion of a new D1 
subunit into the partially disassembled PSII complex and reassembly completes the repair 
cycle (12).  The signaling pathways for complex disassembly and D1 degradation remain 
unknown. However, post-translational oxidations of amino acids have been proposed to 
play signaling roles in this process (12). 
 Post-translational oxidation of Trp to form N-formylkynurenine (NFK) (Figure 
3.1A) plays a role in oxidative stress responses in some proteins (see for example (13).  
NFK has been identified in mitochondrial ATP synthase (14), spinach LHCII (15), milk 
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proteins (16), skeletal muscle proteins (17), apolipoprotein B-100 (13), and 
Methylococcus capsulatus-secreted MopE protein (18). 
 
 
Figure 3.1. Structures of tryptophan, NFK, kynurenine, and PSII. (A) shows the chemical 
structures of NFK (+32 m/z) and kynurenine (+4 m/z). (B) shows models of PSII (top) 
and TW (bottom) PSII. Tris- washing removes the extrinsic subunits and OEC, or 
Mn4CaO5 cluster. The core subunits (CP43, D1, D2 and CP47) and electron transfer 
cofactors (tyrosine z (Yz), P680, pheophytin (Pheo), plastoquinone A (QA), and 
plastoquinone B (QB)) are labeled. The water- splitting reaction at the OEC is shown. The 
ROS species generated in PSII and TW PSII during photoinhibition are indicated. The 
subunit colors are the same as in Figure 3.8. CP43 (pink); D1 (green); D2 (light blue); 
CP47 (dark blue); extrinsic subunits (violet, yellow, and orange). 
  
 Recently, we described a light-induced modification, NFK (Figure 3.1A), 
resulting from the oxidative, post-translational modification (PTM) of W365 in the CP43 
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subunit (19). A ~two fold increase in the yield of NFK365-CP43 was observed following 
high light illumination (19). A concomitant two fold decrease in oxygen evolution was 
detected under the same conditions (19).   This result suggests a role for NFK and 
oxidative stress in plant photoinhibition. 
 NFK results from the reaction of the Trp side chain with several types of ROS, 
including singlet oxygen (1O2) (15,20), ozone (O3) (21), and hydroxyl radicals (HO•) 
(22,23). NFK can also result from a metal-catalyzed radical mechanism, followed by 
reaction with O2 (13). ROS is produced in PSII, either by recombination reactions 
producing triplet chlorophyll (3chl) or by reactions at the Mn4CaO5 cluster (Figure 3.1B).   
These are referred to as acceptor side (3chl) and donor side (Mn4CaO5) reactions. 
 In the acceptor side ROS mechanism, double reduction of QA results in charge 
recombination and formation of the excited state 3chl (24). Energy transfer from 3chl to 
ground state 3O2 results in 1O2 (24). O2 reduction to O2•- may also occur under light stress 
conditions (25). Dismutation to H2O2, followed by a single electron reduction, may 
produce HO• (25). In the donor side ROS mechanism (Figure 3.1B), release of the 
extrinsic proteins and OEC during light stress has been reported to stimulate H2O2 
production (26). The one electron oxidation and reduction of H2O2 was proposed to 
produce O2•- and HO•, respectively (25).  
 In this work, we identify a specific, new oxidative modification of tryptophan in 
the D1 subunit, which is induced by light-stress.  We provide evidence that N-
formylkynurenine modifications in PSII are generated by ROS, which may be derived 
from the Mn4CaO5 cluster.   To explain our results, we propose a two-pathway model, in 
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which NFK functions as a signal for D1 protein turnover, a key step in repair under high 
light stress. 
 
3.3 Materials and methods 
3.3.1 Thylakoid, PSII, and TW PSII membrane preparations 
 Spinach PSII membranes were isolated as described (27) with modifications (28). 
Thylakoid membrane  (TM) isolation was conducted as described in (27), with a single 
centrifugation and wash after the initial grinding step. The TM wash buffer was 20 mM 
2-(N-morpholino)-ethanesulfonic acid (MES)-NaOH (pH 6.0), 150 mM NaCl, 4 mM 
MgCl2•H2O. The final resuspension was in 50 mM MES-NaOH (pH 6.0), 400 mM 
sucrose, 15 mM NaCl (SMN buffer). Chlorophyll (29) and oxygen assays were 
conducted as described (30). Oxygen evolution experiments were conducted with red-
filtered light from a Dolan-Jenner (Boxborough, MA) Fiber-Lite illuminator at 25 ºC in 
SMN buffer with 1 mM K3Fe(CN)6 and recrystallized 1 mM 2,6-dichlorobenzoquinone 
(DCBQ). Activity rates of PSII membranes and TM were ≥600 and ≥130 µmol O2 mg 
chl-1 h-1, respectively. 
 The 18- and 24-kDa extrinsic subunits were removed from PSII membranes with 
a 2 M NaCl wash (31). PsbO and the Mn4CaO5 cluster were removed with a 800 mM 
tris(hydroxymethyl)aminomethane (Tris)-NaOH, pH 8.0 wash performed for 45 minutes 
at room temperature in the light (32). Tris-washed (TW) PSII membranes were washed 
three times with a buffer of 400 mM sucrose, 50 mM 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES)-NaOH, (pH 7.5) (SH buffer). TW PSII samples 




 Photoinhibition experiments were performed on spinach TM, PSII membranes, 
and TW PSII membranes (19). The final resuspension buffers were used during 
illumination (see 3.3.1 above). All samples were stirred and kept at 25 ºC with a water 
bath and dewar, during white light illumination with a Dolan-Jenner (Boxborough, MA) 
Fiber-Lite illuminator.  Illumination of PSII was conducted at a chlorophyll concentration 
of 1.0 mg/ mL. TM were illuminated at 1.0 or 0.1 mg/ mL chlorophyll. The light intensity 
used was ~7,000 µmol photons m-2 s-1 as measured with a Li-Cor (Lincoln, NE) Light 
Meter (model LI-189 with a ~8 cm diameter sensor). The illumination was performed for 
two hours. Controls were kept in the dark at room temperature (~25 ºC).  Samples were 
either un-treated or treated with 2 mM NaCl (Fisher Scientific, Fairlawn, NJ), 0.15 mM 
ZnCl2 (BDH VWR, Radnor, PA),  1 mM disodium-ethylenediaminetetraacetic acid 
(Na2EDTA) (JT Baker, Austin, TX), or 2 mM tetra-methylammonium  chloride (TMA) 
(Sigma-Aldrich, St. Louis, MO) by addition just prior to the dark or light incubation. The 
ionic strength of the SMN buffer alone, prior to the addition of salts, was 34.9 mM. The 
ionic strength increased to 36.9 mM (2 mM NaCl and 2 mM TMA), 35.4 mM (0.15 mM 
ZnCl2), and 36.4 mM (1 mM Na2EDTA) with the additional salts.  Oxygen evolution was 
assayed every 30 minutes. 
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3.3.3 UV-visible spectrophotometry 
 Optical spectra of model compounds tryptophan, NFK, and kynurenine were 
recorded at room temperature from 200-750 nm on a Hitachi (U3000) spectrophotometer 
(19). The model compounds, 40 µM L-tryptophan (Sigma-Aldrich, St. Louis, MO), L-
kynurenine (Sigma-Aldrich), and NFK (19,33) were suspended in H2O. The NFK-
containing peptide optical spectra were derived from the chromatogram through the use 
of a Beckman (Brea, CA) System Gold® HPLC, equipped with a 125 solvent module, a 
168 photodiode array detector (1 cm path length, 2 nm scan interval), and 32 Karat 
Software, version 7.0. 
 
3.3.4 Tryptic peptide digestion and high pressure liquid chromatography (HPLC) 
assay 
 In-situ trypsin (Life Technologies, Carlsbad, CA) digestion of TM, PSII, and TW 
PSII was conducted as described (19). HPLC separation, isolation of NFK-containing 
peptides, and quantitative NFK assay were carried out as previously described (19).  
Retention times for Fractions A-D were 25, 26, 28, and 34 minutes and were reproducible 
to + 0.6 min (Tables 3.2 and 3.3).   The amount of the NFK containing peptide was 
quantitated by integration of the 350 nm peak by the procedure previously described (19). 
This area was normalized to the total 220 nm absorption.  This normalization corrects for 




3.3.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
D1 protein Western blot 
 SDS-PAGE of PSII membranes was performed as described (34-36). 24 µg of chl 
were loaded per lane. Following SDS-PAGE, gels were either stained with 0.05% 
Brilliant Blue R (Coomassie) (Sigma-Aldrich, St. Louis, MO) or used for D1 Western 
blot analysis. For the Western blot, an unstained gel was blotted onto a 0.45 µm 
polyvinylidene fluoride (PVDF) membrane by semi-dry transfer as described (37). A 
PSII D1 (PsbA) C-terminal antibody (Agrisera, Vannas, Sweden) (1: 10,000 dilution) 
was used as the primary antibody probe. A secondary anti-chicken- alkaline phosphatase 
conjugate (Sigma-Aldrich, St. Louis, MO) was the secondary antibody probe (1: 15,000 
dilution). A 5-bromo-4-chloro-3-indolyl phosphate/ nitro blue tetrazolium (BCIP/ NBT) 
liquid substrate system (Sigma-Aldrich, St. Louis, MO) was used for colorimetric 
detection. 
 
3.3.6 Tandem mass spectrometry (MS/ MS) peptide analysis 
 PSII tryptic peptides were analyzed as described (19).  Representative MS/MS 







3.4.1 Photoinhibition in PSII and thylakoid membranes (TMs) 
 A light intensity of 7,000 µmol photons m-2 s-1 was employed in these studies.  
This value is typical of conditions used in previous studies of plant light stress (4,000-
7,000 µmol photons m-2 s-1) (38-40). To evaluate the degree of photoinhibition under 
these conditions, the steady state rate of oxygen evolution was monitored as a function of 
illumination time. High light illumination of PSII membranes was conducted at a 
chlorophyll concentration of 1 mg/ mL, pH 6.0, and 25 °. Compared to the dark control 
(Figure 3.2A, blue), illumination induced a 3.4 + 0.4 fold decrease in oxygen evolution 
rate in PSII membranes (Figure 3.2A, blue and green).  This agrees with our previous 
report of a 2.4 + 0.5 fold decrease under these conditions (19).  As expected, a lower light 
intensity of 500 µmol photons m-2 s-1 did not significantly decrease oxygen evolution 
rates (Figure 3.2A, blue and red). 
 At the same light intensity, thylakoid membrane (TM) samples were not 
significantly inhibited at a chlorophyll concentration of 1 mg/ mL (Figure 3.2B, black 
and blue).  However, illumination at 0.1 mg/ mL chlorophyll induced a 5.4 ± 0.5 decrease 




Figure 3.2. Steady state rates of oxygen evolution of PSII membranes (A) and TM (B) 
during high light illumination and in the dark.  In (A), PSII membranes were kept in the 
dark at 25 °C for two hours (blue). PSII membranes were exposed to a white light 
intensity of 500 (red) and 7,000 (green) µmol photons m-2 s-1 for two hours at 25 °C. In 
(B), TM were kept in the dark (black and red) or exposed to a white light intensity of 
7,000 µmol photons m-2 s-1 at chlorophyll concentrations of 1.0 (blue) or 0.1 mg/ ml 
(green). Oxygen evolution was assayed every 30 minutes and normalized to time zero. 
The data shown are an average of three to six experiments. The error bars are plus and 






3.4.2 Purification and MS/MS of NFK- containing peptides in CP43 
 NFK has a unique absorption at 318 nm (Figure 3.3B, dotted line), when 
compared to tryptophan (Figure 3.3B, solid line), kynurenine (Figure 3.3B, dashed line), 
or other modifications of the indole ring (19).  This unique absorption spectrum allows 
the identification and purification of NFK-containing tryptic peptides by HPLC (Figure 
3.4).   The HPLC chromatogram was monitored at 350 nm during purification of NFK- 
modified peptides to avoid overlap with the strongly absorbing 280 nm peak.  In oxygen- 
evolving PSII, two different NFK-containing peptides, peptides A and C, were identified 
(Figure 3.4A and B). Typical absorption spectra, derived from the HPLC chromatograms, 
are shown in Figure 3.3A. 
 
Figure 3.3. Optical absorption of NFK-containing PSII peptides (A) and the model 
compounds (B), tryptophan, NFK, and kynurenine. (A) shows absorption spectra of 
NFK-containing peptide fractions A-C. See Table 3.2 for average retention times from 
350 nm chromatograms.  Fraction A is displayed as a solid line, fraction B as a dashed 
line, and fraction C as a dotted line.  In (B), absorption spectra of 40 µM tryptophan 
(solid line), 40 µM NFK (dotted line), and 40 µM kynurenine (dashed line) are shown in 
water. Absorption spectra in A were derived from the HPLC chromatogram and are on an 
arbitrary y-scale. The spectra in B were measured on a Hitachi spectrophotometer. 
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Table 3.1. MS/ MS analysis of NFK modifications in fractions A- C   
Fraction PSII 
subunit 
Sequence Modification MH+ (Da) XCorr 
A CP43 363AP(W*)LEPLR370 NFK 
(+32 m/z) 
1013.5407 2.80 
B D1 313VINT(W*)ADIINR323 NFK 
(+32 m/z) 
1346.7029 3.46 





Figure 3.4. Representative 350 nm HPLC chromatograms of tryptic peptides derived 
from oxygen-evolving PSII (A-B), OEC-removed (TW) PSII (C-D), and TM (E-F). In 
(A), (C), and (E), samples were incubated in the dark at room temperature for two hours 
(control). In (B), (D), and (F), samples were illuminated with ~7,000 µmol photons m-2 s-
1 of white light for two hours at 25 ºC.  Fraction A is filled with horizontal stripes, and 
fraction C is filled with dots. The chromatograms are displaced on the y-axis for 
presentation purposes. The tick increments are 0.085 A.U.  See Table 3.2, for average 
retention times and summary of light-induced changes.  Fraction C corresponds to 
fraction 1 in ref (19). 
  
 Using MS/MS (Table 3.1 and Figure 3.5), fraction C (retention time ~28 min.) 
was identified as NFK-365 in CP43 (363AP(W*)LEPLRGPNGLDLSR379), confirming 
our earlier result (19).  Fraction A contained the same NFK-W365 CP43 modification, 
 
 99
but the peptide was shorter, 363AP(W*)LEPLR370 (Table 3.1). Only one NFK peptide was 
detected in Fractions A and C (Table 3.4).  Representative MS/MS data are shown Figure 
3.5. 
 
Table 3.2. Average light-induced changes in NFK yield (fold change) and average 
retention times (ret. time) of HPLC fractions A-D# 
 
Fraction TM PSII TW PSII 











A 0.8 ± 0.6 25.6 0.9 ± 0.2 25.7 NODL NODL 
B NODL NODL NODL NODL NODL NODL 
C 0.7 ± 0.2 27.3 2.1 ± 0.5 27.4 1.2 ± 0.3 27.4 
D NODL NODL 2.4 ± 1.3 34.3 1.4 ± 0.2 34.3 
 
#NODL, not observed in dark or light 
 
Table 3.3. Average light-induced changes in NFK yield (fold change) and average 
retention times (ret. time) of HPLC fractions A-D# at increased ionic strength 
 






















A 1.0 ± 0.2 25.3 1.0 ± 0.1 25.3 1.1 ± 0.2 25.7 0.9 ± 0.1 25.3  
B NOD 26.1 NOD 26.1 NOD 26.1 NOD 26.3 
C 0.5 ± 0.2 27.6 1.1 ± 0.2 27.6 0.6 ± 0.2 27.6 0.8 ± 0.2 27.2  
D 0.6 ± 0.3 34.4 1.1 ± 0.3 34.4 0.8 ± 0.5 34.3 0.9 ± 0.3 33.8 
 







Figure 3.5. Representative MS/MS spectra of NFK modifications in CP43 (A and C) and 
D1 (B) proteins. The peaks in blue represent the b-fragments. The peaks in red represent 
the y-fragments. The NFK modified W is indicated in the corresponding sequences. This 
residue carries the +32 m/z masss shift, which was unambiguously assigned to Trp-365 in 
CP43 (A and C) and Trp-317 in D1 (B). *Tandem mass spectrometry experiments in 














Table 3.4. Oxidative tryptophan modifications identified by LC-MS-MS in HPLC 
fractions A-D 
 





+ (Da) X-Corr 
A CP43 363APWLEPLR370 NFK  (+32 m/z)  1013.5407 2.80 
   Kyn  (+4 m/z)  985.5459 2.64 
   OH-Trp  (+16 m/z)  997.5453 2.64 
 CP43 363APWLEPLRGPNGLDLSR379 Kyn  (+4 m/z)  1895.0107 2.50 
   OH-Trp  (+16 m/z)  1907.0107 2.83 
 
 CP43 
358FWDLR362 OH-Trp  (+16 m/z)  752.3726 1.81 
B D1 313VINTWADIINR323 NFK (+32 m/z)  1346.7029 3.46 
   Kyn  (+4 m/z)  1318.7095 4.10 
   OH- Trp (+16 m/z)  1330.7095 4.01 
C CP43 363APWLEPLRGPNGLDLSR379 NFK  (+32 m/z)  1923.0086 2.01 
   Kyn  (+4 m/z)  1895.0108 1.94 













358FWDLR362 OH-Trp  (+16 m/z)  752.3715 1.75 
D D2 8FTKDEKDLFDSMDDWLR24 NFK  (+32 m/z)  2192.9786 5.30 
   Kyn (+4 m/z)  2164.9852 4.24 
   OH-Trp  (16 m/z)  2176.9814 5.74 
   OH- Kyn (+20 m/z)  2180.9875 4.50 







Table 3.4. Continued 
 















 D2 14DLFDSMDDWLR24 NFK  (+32 m/z)  1444.6027 2.18 
   OH-Trp  (16 m/z)  1428.6091 3.07 
   OH- Kyn (+20 m/z)  1432.6038 2.39 





















For the identification of peptides filter criteria were set to warrant a false discovery rate 
of less than 1% on the peptide level. In each of the three independent LC-MS/MS runs of 
the four fractions, more than 20000 MS/MS spectra were recorded. For fraction A-C. 
between 3500-5000 spectra were assigned to peptides from 50-80 proteins from S. 




3.4.3 CP43 NFK in photoinhibition 
 To calculate the yield of NFK, the 350 nm peak was integrated, and the value was 
normalized to the total 220 nm absorption.  This corrects for the yield of tryptic peptides 
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(19). These data are presented in the bar graph shown in Figure 3.6.  As shown, formation 
of NFK-W365 in fraction C is light induced in oxygen- evolving PSII.  The yield 
increases by 2.1 + 0.6 (Figure 3.6).  This increase parallels the 3.4 + 0.4 fold decrease 
observed in the steady state oxygen evolution rate (Figure 3.2A, blue and green).  
However, fraction A (Figure 3.4A and B) does not show a significant light-induced 
increase (0.9 + 0.2, Figure 3.6 and Table 3.2). 
 
 
Figure 3.6. Fraction B detection (top) and yield change in fractions A and C (bottom) 
following high light illumination.  The yields were calculated from the average of three-
six different experiments.  Peaks in the 350 nm chromatogram were integrated, and the 
area was divided by the area of the 220 nm chromatogram to correct for changes in yield 
of tryptic peptides.  The error bars are one standard deviation. See Tables 3.2 and 3.3 for 
summary of fold changes and average retention times. 
 
  In TW PSII, the Mn4CaO5 cluster and extrinsic subunits are removed (32).  
Under these conditions (Figure 3.1B), without active oxygen evolution, no significant 
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light induced increase is observed in fraction C (Figures 3.4C and D, Figure 3.6).   
Fraction A is not observed in TW PSII. 
 
3.4.4 NFK365-CP43 is observed in TM, but does not show a light-induced increase 
  In TM samples, fractions A and C are observed in the dark and the light (Figures 
3.4E and F). Field grown spinach leaves, exposed to unregulated growth conditions, were 
used for the TM isolation. Thus, NFK modifications may be present in the dark, due to 
the previous handling of the market spinach. The observation of NFK in TM 
demonstrates that the modification is not induced by detergent treatment.  There is no 
significant, light- induced increase in these fractions (Figure 3.6 and Table 3.2). This 
parallels the results of the oxygen evolution assays conducted under the same conditions 
(1 mg/ mL chlorophyll) in Figure 3.2B (black and red), which showed that the TM 
preparation was resistant to photoinhibition. 
 
3.4.5 Photoinhibition at increased ionic strength results in a new NFK-containing 
peptide, peptide B 
  The photoinhibition experiment was conducted on PSII membranes in SMN 
buffer to which 2 mM NaCl was added.  Compared to PSII in SMN buffer (Figures 3.7A 
and B), a new peptide, peptide B, was observed in the light (Figures 3.7C and D).  
Fraction B was not observed in the dark (Figure 3.7C).   Under these conditions there was 
no significant increase in the yield of fractions A or C (Figure 3.6). MS/MS identified 
peptide B as 313VINT(W*)ADIINR323 in D1 (Tables 3.1 and 3.4, Figure 3.5).  Only one 




Figure 3.7. Representative 350 nm HPLC chromatograms of oxygen-evolving PSII with 
and without 2 mM NaCl or TMA.  In (A), (C), and (E), samples were incubated in the 
dark at room temperature for two hours (controls). In (B), (D), and (F), samples were 
illuminated with ~7,000 µmol photons m-2 s-1 of white light for two hours at 25 ºC.  In 
(C) and (D), 2 mM NaCl was added just prior to the dark or light incubation. In (E) and 
(F), 2 mM TMA was added just prior to the dark or light incubation. Fraction A is filled 
with horizontal stripes, fraction B has solid fill, and fraction C is filled with dots. The 
chromatograms are displaced on the y-axis for presentation purposes. The tick increments 
are 0.020 A.U. See Table 3.3 for average retention times and summary of light-induced 
changes.  Fraction C corresponds to fraction 1 in ref (19). 
  
  
 To test if the observation of peptide B depended on the identity of the cation or 
anion, the experiment was conducted in the presence of ZnCl2 (0.15 mM) and Na2EDTA 
(1 mM).   Peptide B was observed under both sets of conditions (Figure 3.6).  This result 
is not consistent with a role for a specific mono- or divalent ion. 
 To rule out the possibility of a non-specific cation-binding site as inducing the 
fraction B modification, the effect of 2 mM tetra-methyl ammonium chloride (TMA) was 
assessed. TMA has a nearly three-fold larger ionic radius (2.9 Å) (41) when compared to 
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Na+ (1.0 Å) (41) or Zn2+ (0.74 Å) (42). TMA could not replace Ca2+ (ionic radius = 0.99 
Å) (43) in PSII (44) or β-1,4-glucanase (45). In our experiments, we found that 2 mM 
TMA also induced fraction B in the light (Figure 3.7).  
 We conclude that the small ionic strength increase underlies the observation of 
fraction B. The ionic strength of the SMN buffer, prior to the addition of salts, is 
calculated to be 34.9 mM. The ionic strength increased to 36.9 mM (2 mM NaCl or 
TMA), 35.4 mM (0.15 mM ZnCl2), and 36.4 mM (1 mM Na2EDTA) when peptide B was 
observed in the light. 
 Approximately 7% of TW PSII reaction centers were reported to contain CP43 
NFK-365 (19). Assuming the same extinction coefficients (3750 M-1 cm-1 at 321 nm (46), 
the yield of D1 NFK-317 (fraction B) can be estimated. Comparison of HPLC peak 
intensities indicates that approximately 1% of the PSII centers contain D1 NFK-317 after 
photoinhibition. 
 
3.4.6 Photoinhibition of PSII membranes is associated with D1 oligomerization and 
proteolysis 
  Figure 3.8 shows SDS-PAGE and Western analysis, comparing the reaction of an 
anti-D1 antibody with PSII membranes.  D1 oligomers and proteolytic fragments were 
observed after illumination.  Illumination in the presence of increased NaCl, ZnCl2, and 




Figure 3.8. SDS-PAGE (A) and Western blot (B) using an antibody specific for the C-
terminus of the D1 protein (Agrisera) (B).  Control PSII membranes were maintained in 
the dark (lanes 2-5; lanes 10-13) or exposed to high light (~7,000 µmol photon m-2 s-1) 
for two hours at 25 ºC (lanes 6-9; lanes 14-17).  Samples were either untreated (lanes 2, 
6, 10, 14) or treated with 1 mM Na2EDTA (lanes 3, 7, 11 and 15), 2 mM NaCl (lanes 4, 
8, 12, and 16), or 0.15 mM ZnCl2 (lanes 5, 9, 13, and 17).  Lane 1 displays the molecular 
weight markers. In both dark and light experiments, 24 µg chl was loaded per lane. 
 
 
3.4.7 An additional light-induced NFK modification is observed in PSII 
  An additional NFK peptide was detected with a 34 min retention time (Tables 3.2 
and 3.3).  This fraction (D) increased in intensity in the light.  More than one NFK 
peptide was detected in this fraction, with one identified as the D2 polypeptide 
8FTKDEKDLFDSMDD(W*)LR24 and the other identified as the D2 polypeptide 
14DLFDSMDD(W*)LR24 (Table 3.4).  In our previous work, which employed HPLC and 
affinity purification, an NFK modification of a light-harvesting subunit was detected with 
a similar retention time.   Due to the complexity of this fraction, interpretation of the light 









 In this work, three NFK containing peptides, originating from the donor side of 
PSII, are identified.  Fraction A, corresponds to 363AP(W*)LEPLR370 in CP43 and is 
observed in oxygen- evolving PSII and TM, but not in TW PSII.  Fraction A showed no 
detectable light-induced increase in any sample that we examined.  Fraction C, 
corresponds to 363AP(W*)LEPLRGPNGLDLSR379 in CP43, and is observed in oxygen 
evolving PSII, TW PSII, and TM.  Fraction C showed a light induced increase in only 
one sample, oxygen- evolving PSII.  Fraction B corresponds to 313VINT(W*)ADIINR323 
in D1.  It was observed only in oxygen- evolving PSII, after illumination and under 
conditions of higher ionic strength. 
 
3.5.2 Location of the NFK modifications 
 Figure 3.9 shows the position of the NFK modifications in the PSII structure from 
T. vulcanus (2). NFK317-D1 is located ~24 Å away from NFK365-CP43.  NFK 365-
CP43 is 17 Å from the Mn4CaO5 cluster; NFK 317-D1 is 14 Å from the cluster.   Figure 
3.9 also shows the position of NFK365-CP43 and NFK317-D1 relative to P680 and YZ.  
YZ is an electron transfer intermediate during the water oxidizing reaction (Figure 3.1B) 
(47).  YZ is oxidized by the primary chlorophyll donor, P680, and in its radical form, YZ 
is a strong oxidant (48).  However, NFK365-CP43 is 19 Å from YZ and 30 Å from P680.  
NFK317-D1 is 27 Å from YZ and 19 Å from P680.  Thus, a YZ or P680 radical-based 
mechanism for the formation of the NFK modifications seems unlikely. 
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 Sequence conservation across photosynthetic organisms supports an important 
evolutionary role for both NFK- modified tryptophans. Although these core subunits are 
consistent in plants and cyanobacteria, some distinct structural differences remain. These 
differences mainly lie in the extrinsic (49) and light harvesting antennae (50) 
polypeptides. Thus, the location and role of NFK in cyanobacteria remains to be 




Figure 3.9. Predicted locations of NFK modifications, NFK365-CP43 and NFK317-D1, 
in the T. vulcanus PSII structure (2). The OEC is shown in black, grey, and red.  P680 and 
YZ (green spacefill) are shown above the OEC. The CP43 and D1 backbones are 
displayed in pink and green, respectively. The side chain of Trp-365 in CP43 is in red 
spacefill.  The side chain of Trp-317 in D1 is in blue spacefill.  MS/MS detected tryptic 
peptides corresponding to fraction A (red and yellow combined), B (blue), and C (red) 








3.5.3 ROS and specificity of NFK modifications in PSII and other proteins 
 In our experiments, we attribute the formation of NFK to the reaction of the Trp 
side chain with ROS (51). Studies in mitochondrial proteins have concluded that the NFK 
modification is a ROS-targeted mechanism (14,52,53). In mitochondrial ATP synthase, 
the NFK modification was channeled to a single Trp residue (Trp-503) (14). In the 
mitochondrial aconitase-2 protein, site-specific oxidation of Trp-373 was also observed 
(52). The specificity of the post-translational NFK modification in PSII and other 
proteins suggests a selective physiological role for the modification.   
 We demonstrate here that removal of the Mn4CaO5 cluster and extrinsic subunits 
prevents light-induced accumulation of NFK in the CP43 subunit.  Previously, EPR spin 
trapping experiments have suggested that photoinhibited oxygen evolving PSII produces 
both 1O2 and HO• (54).  However, only HO• was detected in Mn-depleted PSII (54).  
Coupled with our data, this previous result is supportive of the conclusion that 1O2 (15), 
and not HO• (22), reacts with Trp to form NFK.  Our results suggest a Mn4CaO5 origin 
for the reactive oxygen species, which oxidizes the Trp side chain. However, we cannot 
rule out the possibility that extrinsic subunit removal or acceptor side alterations are 
contributing factors. 
 
3.5.4 NFK in D1 turnover and photoinhibition 
  Photoinhibition is known to induce D1 protein damage and a high rate of D1 
turnover (10,12,55). Previous studies have identified intermolecular cross-links of D1 
with D2, cytochrome b559, and CP43 (56,57). In intact leaves and chloroplasts, D1 
damage and turnover also occurred by D1 fragmentation and cross-linking (56).These 
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cross-links were proposed to participate in pathways for complete degradation of 
damaged D1 in vivo (56,57). NFK can bind covalently to primary amine- containing side 
chains (19), such as arginine and lysine,  and may participate in this proteolysis pathway. 
The Western blot analysis of PSII membranes, presented here, confirmed that D1 
cleavage and oligomerization occurred when NFK accumulated either in CP43 or in D1. 
The 3.4 ± 0.4 decrease in oxygen evolution rate of PSII membranes under the same 
conditions is further support for a correlation of photoinhibitory effects with NFK 
formation. 
 Reversible, light induced structural changes in the degree of spinach TM stacking 
(grana) have been observed by electron microscopy (58). These dynamic alterations in 
structural organization may be involved in protection from light stress (59) and would not 
occur in isolated PSII membrane fractions. In future work, we will explore the impact of 
these topological changes.  In these experiments, we compared TM with PSII for two 
reasons.  First, we wished to examine the possibility that the NFK modification is 
induced by detergent treatment.  Observation of the NFK modification in TM in the dark 
eliminates this possibility.  The residual level of oxidative modification in the dark may 
be due to the use of market, field grown spinach, which is transported and harvested 
under uncontrolled conditions.  Second, TM samples do not photoinhibit at the high chl 
concentrations necessary for the HPLC assay.  Therefore, TM preparations provide an 
important  negative control for the PSII experiments.  We report that illumination of TM 
did not accumulate NFK, supporting the conclusion that the increase in NFK yield is 
caused by light stress.  We attribute the resistance to photoinhibition in the TM to a 
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shading effect (60), because illumination of TM with the same light intensity at a lower 
chlorophyll concentration (0.1 mg/ mL) significantly decreased activity. 
 
3.5.5 Effects of ionic strength on oxidative modifications 
  In this work, we found the interesting result that small ionic strength increases 
had a dramatic effect on the pattern of NFK modifications.  However, this change did not 
alter the degradation pattern of D1 as assessed with a C-terminal antibody. Although the 
D1 degradation pattern was not changed, the alternative D1-NFK modification to Trp-
317 was induced by increasing ionic strength. The ionic strength effect may cause 
conformational changes in the extrinsic loops. Lowering of the thylakoid lumen pH 
during excess light involves protein conformational changes that may be necessary in 
non-photochemical quenching (61). 
 Concomitant Mg2+ efflux into the stroma occurs during the transition from dark to 
light conditions (62,63). Thus, ionic strength induced events are essential in regulatory 
pathways in TM and PSII. Further evidence for loop dynamics is provided by the 
inefficient tryptic cleavage of CP43 in TW PSII, noted here. For example, both the 
363AP(W*)LEPLR370 peptide (fraction A) and the  363AP(W*)LEPLRGPNGLDLSR379 
(fraction C) peptide were observed in intact PSII and TM.  However, in TW PSII, the 
shorter CP43 peptide   363AP(W*)LEPLR370 was not detected. These results can be 
attributed to different conformations of the CP43 loop region.   These conformational 
changes may be important in control of photoinhibitory responses in the chloroplast, 




3.5.6 NFK in PSII signaling and repair 
  The signaling pathways for induction and control of D1 turnover are not known. 
Oxidative PTMs of aromatic amino acids have been proposed to participate in signaling.  
The NFK modifications identified here may function as these signals.  We showed 
previously that substitutions at Trp-365 (Trp-352 in Synechocystis 6803) did not affect 
the steady-state rate of oxygen evolution under normal light-saturated conditions (30). 
This result indicated that mutations at Trp-365 do not alter the structure of PSII or change 
the overall rates of electron transfer. However, the mutants displayed an increased rate of 
photoinhibition at higher light intensities (5,000 µmol photons m-2 s-1) (64). Thus, the 
inability to form NFK in the mutants resulted in reduced repair during high light stress. 
Because the light-induced increases in NFK in CP43 and D1 appear to be mutually 
exclusive, we propose that these modifications occur on two different damage/repair 
pathways. Inhibition of the CP43 pathway promotes the D1 oxidative pathway. 
 The primary proposed protease involved in D1 turnover, FtsH (65,66), has been 
proposed to recognize partially unfolded proteins (67). Oxidation of Trp to NFK may 
promote partial protein or unfolding required for signal recognition by the protease (65).  
Replacement of NFK with unmodified Trp requires de novo protein synthesis (68). 
Multiple NFK modifications may be required for continuous D1 turnover.  Interestingly, 
an increase in CP43 degradation and cross-linking was observed during photoinhibition 







 Our data provide evidence for specific oxidative modifications of PSII subunits.  
These PTMs are induced by high light stress and are under differential control of ionic 
strength.  We propose that NFK plays a role in signaling for repair during D1 turnover.  
In a two-pathway signaling model for repair, inhibition of one NFK signaling pathway 
(the “CP43” pathway) stimulates repair by the alternative pathway (the “D1” pathway).  
These results provide new insight into redox signaling in oxygenic photosynthesis. 
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 Knowledge of how photosynthetic organisms adapt to altered environmental 
conditions has become critical due to increased global warming. Exposure to high light 
stress in the PSII enzyme results in protein damage and activity inhibition, called 
photoinhibition. In this work, we provide in vivo evidence in support of a protective role 
for the post translational modification CP43-NFK-365. Site-directed mutation of Trp-365 
in the CP43 subunit to alanine, cysteine, and leucine in the cyanobacterium Synechocystis 
sp. PCC 6803 induced an increased rate of photoinhibition at light intensities of 3,000 
and 8,000 µmol photons m-2 s-1. The t1/2 for photoinhibition in wildtype and CP43 W365 
mutant cell lines were undistinguishable at a light intensity of 10,000 µmol photons m-2  
s-1, suggesting an additional damage or repair pathway dominates at extreme light 
intensities. Trp-365 is conserved and oxidatively modified to N-formylkynurenine (NFK) 
in plant PSII (Dreaden et al. (2011) J. Biol. Chem. 286, 22632-22641). We demonstrate 
here that NFK and post-translational carbonyl modifications accumulate during 
illumination in both plant PSII membranes and Synechocystis thylakoid membranes. 
These data provide support for a NFK protective role. NFK may function as a signal in 
repair. A modified repair cycle with NFK as a signal is proposed. 
 
4.2 Introduction 
 Increasing CO2 emissions and the dire energy market have shifted research 
towards alternative clean energy sources. Studies of photosynthetic organisms have 
progressed to the forefront of these efforts because they possess the capability to cleanly 
and efficiently harness solar energy for conversion of CO2 to carbon-based energy 
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sources. Recent research has been heavily focused on studies of photosynthetic 
cyanobacteria and algae as model systems for clean energy production (1). Cultivation of 
cyanobacterial and algal species for H2 production is currently a growing field (1). Thus, 
an in-depth understanding of the biochemistry involved in these light-driven reactions is 
essential. 
 Projected trends and effects of global warming have further promoted studies of 
how photosynthetic organisms adapt to changing environmental stresses. These 
organisms are sensitive to direct effects of global warming and ozone depletion, 
including increased temperature and UV light stress. Stress from excess high intensity 
light results in protein damage and activity inhibition, called photoinhibition (2). To 
protect from long-term damage, photosynthetic species initiate a repair cycle (3). Many 
unanswered questions remain regarding signaling pathways in repair. Further 
understanding of the repair process will be required for cultivation of resilient crops in 
the future. 
 The photosynthetic reactions occur in specialized membranes, thylakoid 
membranes, of plants, algae, and cyanobacteria. A series of large protein complexes 
catalyze the reactions. PSII participates in the oxidation of water to O2 and protons.  The 
cyanobacterial PSII structure was solved to 1.9 Å resolution (4-9). The Mn4CaO5 cluster, 
or oxygen evolving complex (OEC), active site is located close to the lumenal surface of 
the membrane complex (4). Calcium and chloride ions are required for maximal activity 
(4,10). Electrons derived from water at the active site are transferred through a series of 
cofactors, including a pheophytin molecule and two plastoquinone molecules, QA and QB, 
on the stromal or acceptor side of the membrane (4).  
 
 125 
 The D1 and D2 polypeptides span the membrane at the central core of the PSII 
reaction center and bind the electron transfer cofactors (4). The CP43 and CP47 
chlorophyll binding proteins surround the D1/ D2 core (4). Substitutions and deletions in 
the flexible lumenal loops of CP43 and CP47 have demonstrated their importance in PSII 
complex assembly and protection from light-induced stress (11). Three extrinsic 
polypeptides, psbO, the 12 kDa, and cyt. c550, bind to the lumenal surface opposing the 
active site cluster in cyanobacteria (4). 
 The D1 protein is the primary site of damage from light stress in PSII. D1 
consequently exhibits a high rate of turnover under these conditions (3). Light-induced 
reactive oxygen species (ROS) are inevitable and are known to play a role in 
photoinhibition (12). Initiation of the repair cycle for replacement of damaged D1 
involves partial PSII complex disassembly, D1 proteolysis and removal, new D1 
synthesis and re-insertion, and finally PSII complex reassembly (3). Although signals for 
initiation of proteolysis and repair are unclear, post translational oxidation of amino acids 
has been proposed to play signaling roles for degradation of damaged components (13). 
 We previously reported that Trp side chains in CP43 (Trp-365) and D1 (Trp-317) 
react with ROS during photoinhibition to form N-formylkynurenine (NFK) (Figure 4.1) 
in plant PSII (14,15). Site-directed mutation of CP43 Trp-365 in Synechocystis sp. PCC 
6803 resulted in an increased rate of photoinhibition (16). Steady state rates of oxygen 
evolution were unaffected, which supported a protective role for the conserved Trp 
during light stress with 5,000 µmol photons m-2 s-1 (16). In this work, we investigate the 
light intensity dependence on the protective effect of Trp-365 (CP43) in vivo. Using a 
small molecule that binds NFK and activated carbonyls, we also show illumination 
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induces NFK and/ or carbonyl modifications in plant PSII and Synechocystis 6803 
thylakoid membranes. The data suggest that NFK modifications during photoinhibition 
function as signals in repair from light induced stress. 
 
 
Figure 4.1. Tryptophan, NFK, and Trp-365 in the 1.9 Å resolution cyanobacterial 
structure. (A) shows the chemical structures of tryptophan and NFK. (B) shows the 
location of Trp-365 in the 1.9 Å crystal structure from T. vulcanus (4). The Trp-365 side 
chain is displayed shown in magenta. The Mn4CaO5 cluster (OEC) is displayed in violet 





4.3 Materials and methods 
4.3.1 Synechocystis 6803 cells and PSII membranes 
 Three site-directed mutations at Trp-365 in CP43 (Trp-352 in Synechocystis sp. 
PCC 6803) were constructed (Table 4.1) (16).  The Trp was mutated to a cysteine 
(W352C), alanine (W352A), or leucine (W352L). Cyanobacterial strains were maintained 
on solid media containing BG-11 (17), 5 mM glucose, 10 µM 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU), and 10 µg/ mL kanamycin.  Liquid media contained BG-11 only.  
Liquid cultures were grown to an O.D.730 of ~1.5- 2 with a light intensity of ~150 µmol 
photons m-2 s-1. The cells were grown at 30 ºC, bubbled with sterile air, and harvested by 
centrifugation. 
 
Table 4.1. Nomenclature for Synechocystis 6803 cell lines 













 PSII membranes were isolated from market spinach (18) with modifications (19). 







 Photoinhibition experiments on Synechocystis cells were conducted as previously 
described (16,22,23).  The cells were resuspended in BG-11 (17) and assayed the same 
day. A 10 mL aliquot of cells (20 µg/ mL chlorophyll concentration) was illuminated 
with white light from a Dolan-Jenner (Boxborough, MA) Fiber-Lite illuminator at light 
intensities of ~3,000, 8,000, and 10,000 µmol photons m-2 s-1 and at 25 ºC.  The light 
intensity was measured with a Li-Cor (Lincoln, NE) Light Meter (model LI-189 with a 
~8 cm diameter sensor). At the indicated time, a 20 µg sample of chlorophyll was 
extracted for oxygen evolution measurements (21).  The assays were performed at 25 ºC 
in BG-11 media with 1 mM K3Fe(CN)6 and recrystallized 1 mM DCBQ.  Red-filtered 
light from a Dolan-Jenner illuminator was used in the oxygen evolution assays. Rate 
constants for photoinhibitory decay were calculated by using λ=ln[N0/N]/t (16). The 
corresponding half-time was calculated by t1/2= ln 2/ λ. 
 Photoinhibition in PSII membranes was conducted as described (15). Inhibition 
with white light intensities of 500, 3,000, and 7,000 µmol photons m-2 s-1 at 25 °C was 
compared to PSII membranes maintained in the dark at room temperature. 
 
4.3.3 D1 Protein Western Blot 
 Harvested Synechocystis cells were washed with 25% glycerol, 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES)-HCl, pH 6.0, 20 mM CaCl2, and 20 mM MgCl2. 
The cells were resuspended to 1 mg/ ml chlorophyll in BG-11 and kept in the dark at 
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room temperature or illuminated with white light (3,000 µmol photons m-2 s-1) at 25 °C 
for two hours. Thylakoid membranes were isolated (24) and analyzed by SDS-PAGE 
(25,26). Five µg of chlorophyll was loaded per lane. Gels were blotted onto a 0.45 µm 
polyvinylidene fluoride (PVDF) membrane by semi-dry transfer (27). A C-terminal D1 
(PsbA) antibody (Agrisera, Vannas, Sweden) (1: 10,000) was used. Anti-chicken- 
alkaline phosphatase (Sigma-Aldrick, St. Louis, MO) (1: 15,000) and 5-bromo-4-chloro-
3-indolyl phosphate/ nitro blue tetrazolium (BCIP/ NBT) liquid substrate (Sigma-Aldrich, 
St. Louis, MO) were used for colorimetric development. 
 
4.3.4 NFK Western blot with B5A 
 Synechocystis thylakoid membranes were isolated by sonication. Cell lysis was 
induced by 30-second cycles of sonication (50W) in the presence of 100 µg/ml 
phenylmethanesulfonylfluoride (Sigma Aldrich, St. Louis, MO), 30 µg/ml tosyl 
phenylalanyl chloromethyl ketone (Sigma Aldrich, St. Louis, MO), and 5 µg/ml pepstatin 
(Sigma Aldrich, St. Louis, MO). Eight cycles of sonication, with four minutes of rest 
were performed on ice. Centrifugation at 2,300 x g for 2 minutes separated unbroken 
cells from membranes. The resultant supernatant was centrifuged at 16,000 x g for 20 
minutes. The isolated thylakoid membranes were dark-maintained or illuminated with 
white light for two hours (see 4.3.2). 
 Following dark or high light incubation, Synechocystis thylakoids or spinach PSII 
membranes were analyzed by SDS-PAGE (25,26) and Western blot as described for the 
D1 antibody (see 4.3.3). Labeling with 4 mM 5-(biotinamido)-pentylamine (B5A) (Life 
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Technologies, Carlsbad, CA) was performed during protein denaturation in 5.4 M urea, 
4% SDS, 125 mM dithiothreitol, 104 mM Na2CO3. Twelve micrograms chlorophyll was 
loaded per lane for spinach PSII, and 1 µg per lane for Synechocystis thylakoid 
membranes. B5A binding sites were probed with avidin- alkaline phosphatase (Sigma 
Aldrich, St. Louis, MO) (1:500 dilution) and BCIP/ NBT (Sigma-Aldrich) 
 
4.4 Results 
4.4.1 Trp-365 protects from photoinhibition in vivo 
 We examined the protective effect of Trp-365 in CP43 at three different light 
intensities. Trp-365 was mutated to an alanine (W365A), cysteine (W365C), or leucine 
(W365L) (16). At light intensities of 3,000 and 8,000 µmol photons m-2 s-1, wildtype (wt) 
Synechocystis 6803 cells maintained higher rates of oxygen evolution compared to the 
cells containing site-directed mutations of CP43 (Figures 4.2A-B). At 3,000 µmol 
photons m-2 s-1, wt cells had a 10- 12 fold longer half time (t1/2) compared to the mutants 
(Table 4.2). The Synechocystis wt cells had a 2- 3 fold longer t1/2 than the CP43 mutant 
cell lines at 8,000 µmol photons m-2 s-1 (Table 4.2). The t1/2 values for wt and mutants at 
10,000 µmol photons m-2 s-1 did not significantly differ (Figure 4.2C and Table 4.2). 
 
Table 4.2. Half-lives (t 1/2) for photoinhibition in Synechocystis 6803 
Light 
intensity Wt W365A W365C W365L 
3,000 171 17 17 14 
8,000 16 7 6 6 





Figure 4.2. Photoinhibition of Synechocystis 6803 CP43 wt and W365 mutant               
cell lines. Rates of photoinhibition in the three site-directed Synechocystis 6803 mutants, 
W365A (fine dashed line), W365C (dotted line), and W365L (course dashed line) were 
compared to wt (solid line). Oxygen evolution rates were normalized to the starting rate 
at time = 0. In panels A-C, light intensities of 3,000 (A), 8,000 (B), and 10,000 (C) µmol 
photons m-2 s-1 were used. Each point represents the average of three independent 
experiments with different cell cultures. The error bars are ± standard deviation of the 
three experiments. 
 
4.4.2 Total D1 content is unaltered in W365 mutants 
 Synechocystis 6803 cells were dark- maintained or illuminated with a white light 
intensity of 3,000 µmol photons m-2 s-1 for two hours at 25 °C. Thylakoid membranes 
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were isolated from the cells after the dark or light incubation period. Although 
Synechocystis CP43 W365 mutants exhibited an increased rate of photoinhibition at this 
light intensity (Figure 4.2A), the total D1 protein yield is unaffected as assessed by our 
C-terminal antibody (Figure 4.3). This result supports that the W365 mutations do not 
affect normal PSII assembly or completely inhibit repair during whole cell illumination. 
 
Figure 4.3. D1 protein content in Synechocystis 6803 thylakoid membranes. D1 protein 
content was compared in wt and CP43 W365 mutants. Cells were either kept in the dark 
at room temperature or illuminated with 3,000 µmol photons m-2 s-1 at 25 °C for two 
hours. Thylakoid membranes were isolated after the dark (lanes 1-4) or light (lanes 5-8) 
incubation. ~5 µg of chlorophyll was loaded per lane. A D1 C-terminal antibody 
(Agrisera) was used to probe for D1 protein. 
 
4.4.3 NFK and/ or carbonyl modifications accumulate in plant PSII and 
Synechocystis thylakoid membranes upon illumination 
 To further probe NFK localization and formation during photoinhibition in vitro, 
Western blot analysis with a small molecule that binds NFK, 5-(biotinamido)-
pentylamine (B5A), was employed (Figure 4.4). B5A, a biotin-amine conjugate, was 
shown to form a covalent amidine-like complex with NFK by UVRR spectroscopic 




Figure 4.4. B5A Western detection of NFK and activated carbonyl in spinach PSII 
membranes. (A) Coomassie stained SDS-PAGE analysis of spinach PSII membranes. 
The core subunits are labeled. (B) B5A Western blot of dark control and illuminated 
PSII.  Control PSII membranes were kept in the dark for two hours at room temperature 
(lanes 1, 2, 5, and 7). Light stress was induced by illumination with white light intensities 
of 500 (lane 3), 3,000 (lane 6), or 7,000 (lane 7) µmol photons m-2 s-1 for two hours at 25 
°C. Lane 4 shows a 2 hour illumination with 500 µmol photons m-2 s-1, followed by a 1 
hour dark incubation. B5A (4 mM) was added to PSII samples during denaturation (lanes 
2-7), prior to gel loading. As a control, B5A was not added to lane 1. B5A binding sites 
were probed with avidin- alkaline phosphatase. 12 µg chlorophyll was loaded per lane. 
 
  
 Compared to a control without B5A (Figure 4.4B, lane 1), B5A binding occurred 
specifically in plant PSII membranes in CP43 (~43 kDa) and D1/ LHCII (~25 kDa) 
(Figure 4.4B, lanes 2, 5, and 7). An increase in NFK and/ or carbonylation occurred 
following two hour illumination with 500, 3,000, and 7,000 µmol photons m-2 s-1 (Figure 
4.4B, lanes 3, 6, and 8). A 1 hour dark incubation after illumination did not reverse the 
B5A binding (Figure 4.4B, lane 4). This result is expected because repair cannot occur in 
isolated PSII membranes in vitro. Illumination with 3,000 µmol photons m-2 s-1 also 
induced an increase in NFK and/or carbonyl modifications in Synechocystis wt and W365 
mutant thylakoid membranes (Figure 4.5). An increased B5A-binding was observed in 
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the CP43 protein of Synechocystis wt dark-maintained membranes, compared to the 
W365 mutants (Figure 4.5, lanes 3-6).  
 
Figure 4.5. B5A Western detection of NFK and activated carbonyls in Synechocystis 
6803 thylakoid membranes. Thylakoid membranes were isolated from wt and CP43 
W365 site-directed mutants. The membranes were kept in the dark at room temperature 
(lanes 2-6) or illuminated with 3,000 µmol photons m-2 s-1 (lanes 7-10) for two hours at 
25 °C. For comparison, lane 1 shows spinach PSII membranes that were maintained in 
the dark for two hours. B5A (4 mM) was added during denaturation (lanes 2-7), prior to 
gel loading. 12 µg (spinach PSII membranes) and 1 µg (Synechocystis thylakoid 
membranes) chlorophyll was loaded per lane. B5A binding sites were probed with 







 In this work we show that Trp-365 in the CP43 protein plays a relevant protective 
role in vivo. Trp oxidations to NFK and carbonyl modifications accumulate during light 
stress in plant PSII membranes and Synehcocystis 6803 thylakoid membranes. CP43 
W365 site-directed mutants exhibit a significantly shorter t1/2 for photoinhibition, 
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compared to Synechocystis wt that can oxidize Trp to NFK. These results indicate that 
inhibition of a key step in repair occurs under these conditions. We propose that the 
NFK-365 modification functions as a signal for disassembly or proteolysis in repair. 
 
4.5.2 W365 substitution does not affect PSII reaction center assembly 
 Site-directed mutation of Trp-365 did not have a detectable effect on PSII 
structure, function, or assembly under normal physiological conditions. Even though the 
chemical properties of the substitutions (alanine, cysteine, leucine) varied significantly 
from the hydrophobic tryptophan, steady state rates of oxygen evolution were 
maintained.  Maintenance of activity under light-saturated conditions supports that Trp-
365 is not playing a specific structural role in protein-protein contacts or assembly. 
Examination of the location in the 1.9 Å resolution crystal structure (4) demonstrates that 
the Trp side chain is located in a loop region on the lumenal surface (Figure 4.1). Unless 
involved in a protein contact, substitutions in flexible loops are not expected to induce 
significant effects on protein structure or assembly. 
 Western blot analysis with a C-terminal D1 antibody supports that the monomeric 
D1 protein contents are unaffected by the substitutions. The D1 protein is located in the 
PSII core and binds the oxygen-evolving complex and electron transfer cofactors (4). The 
Synechocystis 6803 W365 mutants may contain a larger proportion of unassembled or 






4.5.3 NFK in repair from photoinhibition 
  In vivo photoinhibition studies in Synechocystis are advantageous because repair 
mechanisms remain intact. In the work presented here, Synechocystis 6803 W365 
mutants are only impaired during stress from high light illumination. Thus, the natural 
Trp must play a role in repair under those conditions. 
 Trp-365 is highly conserved across photosynthetic organisms (16). We previously 
reported that Trp-365 is oxidized to NFK in plant PSII during photoinhibition (14,15). 
NFK formed from reaction with ROS generated at the OEC 17 Å away (15). Here, we 
show that post translational NFK and carbonyl modifications accumulate following 
illumination in both plant PSII membranes and Synechocystis thylakoid membranes. The 
data suggest that the protective effect is attributed to the ability of the wt to oxidize the 
Trp to NFK. 
 Basic steps involved in D1 turnover are partial PSII disassembly, damaged D1 
degradation, new D1 synthesis, insertion into a partially disassembled complex, and 
finally PSII re-assembly (Figure 4.5) (3). The filamentation temperature-sensitive (FtsH) 
protease is the proposed protease involved in D1 degradation  (29). Signaling processes 
in repair, however, remain unknown. Post translational side chain oxidations have been 
proposed to function as signals for the FtsH protease (3,13). NFK-365 may participate in 
this signaling role (Figure 4.5, step 1). 
 In one proposed model for repair in Synechocystis, induction of a conformational 
change may signal for removal of the damaged subunit (13). Based on this model, slower 
rates of D1 degradation would result from an enhanced stabilization induced by 
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decreased post-translational oxidations (13). Decreased proteolysis in the Trp-365 
mutants, which cannot be oxidized, would explain the increased rate of photoinhibition. 
 
 
Figure 4.6. Role of NFK in the D1 repair cycle. In step 1, the D1 polypeptide is damaged 
by exposure to high light illumination, or photoinhibition, and NFK formation occurs. 
The damaged PSII complex is partially disassembled in step 2. CP43, the OEC, and the 
extrinsic subunits are removed to enable access to the damaged D1 protein. Damaged D1 
is degraded and removed in step 3. In steps 4 and 5, a new D1 polypeptide is synthesized 
and inserted into the partial D2-CP47 complex. Re-assembly of the complex in step 6 re-
activates photosynthetic activity.  NFK modifications at Trp-365 (CP43) and/or Trp-315 
(D1) may function as signals for disassembly (step 2) or D1 degradation (step 3).  
 
 
4.5.4 Light intensity dependence 
 The protective effect of the natural CP43 W365 in Synechocystis wt cells 
demonstrates a light intensity dependence. This result indicates that additional pathways 
of damage or repair come into play at extreme light intensities. The Synechocystis 6803 
W365 mutants may accumulate alternative NFK modifications, such as NFK-317 (D1) 
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(15). Release and damage of polypeptides under extreme light conditions could also 
explain the outcome (30,31). 
 
4.6 Conclusions 
 The data presented here support a modified description for a repair model 
involving NFK. During light stress, NFK forms at W365 from reaction with ROS 
generated at the Mn4CaO5 cluster active site (Figure 5, step 1). The oxidation may trigger 
a conformational change to enable disassembly (Figure 5, step 2) or function as a signal 
for D1 proteolysis (Figure 5, step 3). Damaged D1 removal enables synthesis (Figure 5, 
steps 4a-b) and insertion of a new D1 protein into the partial D2-CP47 complex (Figure 
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 In oxygenic photosynthesis, plants convert sunlight energy into chemical energy. 
Photosystem II (PSII) catalyzes the oxidation of water to oxygen released into the 
atmosphere. This process maintains Earth’s aerobic environment. The catalytic efficiency 
of PSII is compromised by environmental stress, such as increased light intensity and 
temperature. Accelerating global climate changes underscore the significance of 
understanding the function and mechanism of photosynthetic water oxidation. 
Biophysical changes associated with PSII damage and repair cycles are unknown. PSII 
structure determination under physiological and light stressed conditions would afford 
considerable insight into this process. Currently, only low resolution data of partial and 
inactive plant PSII enzyme is available. In the work described here, proteoliposomes 
containing spinach PSII cores were generated by dialysis with exogenous DMPC lipids. 
At lipid-to-proteins (LPRs) of 1.5- 2.0, all of the proteoliposomes examined contained 
multiple, closely spaced areas of PSII order within the artificial membrane. The PSII core 
complexes maintained their structural integrity, a relevant aspect for functional studies. 
Minimal improvement of dialysis conditions should lead to uniform 2D crystals. 




 Oxygenic photosynthesis is the enzyme-catalyzed conversion of light energy to 
biochemical energy. This process occurs in the thylakoid membranes of plants, algae, and 
cyanobacteria. Photosystem II (PSII) catalyzes the photo-induced oxidation of water and 
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reduction of plastoquinone. Each monomer is composed of more than 20 protein 
subunits, chlorophylls, carotenoids, and redox-active cofactors (1,2). The active site of 
water oxidation is a Mn4CaO5 metallocluster, or oxygen-evolving complex (OEC), 
located on the lumenal side of the membrane complex (1). 
 PSII is composed of membrane-spanning intrinsic and hydrophilic extrinsic 
polypeptides (Figure 5.1) (1). The intrinsic membrane-spanning proteins contain flexible 
loops that protrude into lumenal interior of the thylakoid membrane (1). The D1, D2, 
CP43, and CP47 polypeptides form the intrinsic core complex of PSII.  The D1 protein 
binds the electron transfer cofactors and Mn4CaO5 active site (Figure 5.1) (3). The D1/ 
D2 core is flanked by the CP43 and CP47 proteins (Figure 5.1), which bind light-
harvesting antennae chlorophyll molecules (4). 
 
 
Figure 5.1. PSII core complex structure in the thylakoid membrane. The intrinsic (green) 
and extrinsic (blue) polypeptides are labeled. The active site Mn4CaO5 cluster is 




 The Mn4CaO5 active site protected by three extrinsic polypeptides (5).  In plants, 
these extrinsic proteins, the 18-kDa, 24-kDa, and psbO (or the 33-kDa, manganese 
stabilizing protein, MSP), are essential for maximal oxygen evolution under 
physiological conditions (5).  PsbO is the only extrinsic protein that is conserved in both 
cyanobacteria and plants (6). In addition to psbO, cyanobacteria also contain cyt. c550 and 
the 12-kDa protein (1). 
 Plant and cyanobacterial PSII also utilize different light-harvesting systems (7). 
These protein systems bind light energy absorbing chlorophyll and other pigments at 
orientations that enable efficient transfer into the reaction center. Plants contain the 
trimeric light harvesting complex II (LHCII) (8), which flanks PSII in the membrane. 
Hydrophilic phycobilisome proteins bind to the membrane surface in cyanobacteria (9). 
 The cyanobacterial PSII structure has been solved to 1.9 Å resolution (1,2,10-13). 
In contrast, the resolution of a plant PSII structure remains at 8 Å resolution (14). This 
intermediate resolution structure was missing the essential extrinsic polypeptides, LHCII, 
and the Mn4CaO5 active site, which rendered the enzyme inactive (14). Although the PSII 
core reaction center is similar in all types of photosynthetic organisms, the differences in 
subunit composition suggest that fundamental functional and/ or mechanistic variability 
exists between prokaryotes and eukaryotes.  A functionally competent or more complete 
PSII plant enzyme structure at higher resolution will aid in clarification of these 
differences. 
 A thorough grasp of the function of any protein requires a high resolution 
structural model. Crystallography is an approach commonly utilized for this purpose. 
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These methods, however, are not trivial. Specifically, intricacies involved in large-scale 
isolation and high yield purification of these flexible biomolecules, which are required 
for preparation of 3-dimensional (3D) crystals for traditional X-ray crystallography, are 
inherently involved tasks.  Additional complications are involved for hydrophobic 
membrane-bound proteins. These difficulties, such as disruption of the native 
phospholipid membrane and replacement with non-native detergent molecules without 
denaturation, structural changes, or aggregation, have notably impeded efforts to reveal 
high resolution structures of many membrane proteins.  Finally, the substantial size of the 
PSII dimer, with a molecular weight of ~700 kDa and at least 20 subunits per monomer 
(1), provides yet another impediment to crystallization (see Appendix A for an overview 
of 2D crystallization methods for membrane protein complexes) . 
 Electron crystallography is an alternative approach for membrane proteins that 
requires smaller 2-dimensional (2D) crystals of approximately 1 µm2 in size (15).  Like 
X-ray methods, electron crystallography can provide 3D structural information of 
proteins at atomic resolution (16). However, it has some advantages over traditional X-
ray methods in the case of plant PSII.  First, membrane proteins more easily form 2D 
crystals in lipid bilayers (17), in contrast to larger 3D crystals outside of a membrane.  
Second, the effects of radiation damage to the protein itself, as well as reduction of the 
Mn4CaO5 active site, can be minimized by using very low electron doses when recording 
images and diffraction patterns (18).  Reduction of the metal center, as well as structural 
changes in the local environment, is known to occur during X-ray diffraction (19). 
 With the long-term aim of high resolution structure determination of plant PSII by 
electron crystallography, we have demonstrated progress in acquisition of 2D crystals of 
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an intact PSII complex. The experimental methodology involves PSII membrane 
purification from spinach leaves (20), detergent solubilization, and chromatographic PSII 
enrichment (21). Addition of exogenous lipids and dialysis removes detergent and 
induces PSII reconstitution into a lipid bilayer. Structural integrity and activity are 
assessed before and after 2D crystallization trials (Figure 5.2). Optimization of dialysis 
conditions lead to increased order within the proteoliposome, demonstrating progress 
towards 2D crystal formation. These types of 2D crystals, upon minor optimization, will 
be used for 3D structure determination of plant PSII by electron crystallography. PSII 
structures under normal and high light stressed conditions can be compared. Structural 
differences under the different conditions will provide novel insight into the PSII damage 
and repair cycle (22). 
 
 
Figure 5.2. Experimental overview of steps involved in PSII purification, 2D 
crystallization, and EM screening. Structural integrity and activity of PSII are assessed 
before and after 2D crystallization trials. 
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5.3 Materials and methods 
5.3.1 PSII membrane purification and partial solubilization 
 PSII membranes were isolated from market spinach as described (20) with 
modifications (23). PSII membranes were resuspended in 400 mM sucrose, 20 mM 2-(N-
morpholino)-ethanesulfonic acid (MES)- NaOH (pH 6.0), 15 mM NaCl (SMN buffer).  
 0.01- 0.50 % (w/v) n-dodecyl-β-D-maltoside (DDM) (Affymetrix, Santa Clara, 
CA) was added to PSII membranes just prior to dialysis (see 5.3.6 for dialysis 
conditions). 
 
5.3.2 PSII core complex purification 
 PSII core complexes were isolated from PSII membranes as described (21). 1 mg/ 
mL chlorophyll was solubilized with 1% (DDM) in a buffer of 50 mM MES-NaOH (pH 
6.0), 15 mM NaCl, 25% glycerol. Samples were shaken on ice in the dark for 20 minutes. 
A single centrifugation at 120,000 x g for 30 minutes (4 °C) separated unsolubilized 
material. The supernatant was filtered with a 0.45 µm syringe filter and loaded onto a 
MonoQ HR5/5 column (Amersham Biosciences, Uppsala, Sweden). The column was 
equilibrated with 50 mM MES-NaOH (pH 6.0), 7.5 mM CaCl2, 25% glycerol, 0.05% 






5.3.3 SDS-PAGE analysis 
 SDS-PAGE of PSII, before and after 2D crystallization by dialysis, was 
performed as described (24-26). 6 µg chlorophyll was loaded per lane. Gels were stained 
with 0.05% Brillant Blue R (Coomassie) (Sigma-Aldrich, St. Louis, MO). 
 
5.3.4 Oxygen evolution assays 
 Chlorophyll (27) and oxygen evolution (28) assays were conducted as described. 
Oxygen evolution assays were conducted at 25 °C in SMN buffer with red-filtered light 
from a Dolan-Jenner (Boxborough, MA) Fiber-Lite illuminator, recrystallized 1 mM 2,6-
dichlorobenzoquinone (DCBQ), and 1 mM Fe(III)(CN)6.  PSII membrane rates of oxygen 
evolution were ≥ 600 µmol photons m-2 s-1. 
  
5.3.5 2D crystallization trials by dialysis 
 All sample preparation, dialysis, and EM were performed in the dark under dim 
green light illumination. For dialysis experiments, 10 mm tubing with a 12-14,000 
MWCO (Spectrum Laboratories, Inc., Rancho Dominguez, CA) and a 250 mL detergent 
free buffer was used. Following dialysis, proteoliposomes were transferred to 1.5 mL 
eppendorf tubes. EM grids were prepared immediately. Remaining samples were flash 
frozen in liquid N2 and stored at -70 °C. 
 Partially solubilized PSII (5.3.2 Partial solubilization of PSII membranes) was 
dialyzed against a buffer of 50 mM MES- NaOH (pH 6.0), 5 mM MgCl2, 400 mM 
sucrose, 15 mM NaCl for 7 days at 8 °C. For each 2D crystallization trial, 100 µL chl (50 
µg) was used. 
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 PSII core complexes were combined with solubilized 
dimyristoylphosphatidylcholine (DMPC) (Avanti Polar Lipids, Alabaster, AL) at lipid-to-
protein ratios (LPRs) of 0- 2.5. For an LPR of 1.0, 50 µg chl was combined with 50 µg 
DMPC. Solubilized PSII- DMPC mixtures were dialyzed against a buffer of 50 mM 
MES- NaOH (pH 6.0), 15 mM NaCl, 7.5 mM CaCl2, 25 % glycerol. Dialysis was 
performed for 7 days at 4-20 °C.  
 
5.3.6 Negative stain and screening by electron microscopy 
 Following dialysis, 2 µL dialysate were applied to 3 mm carbon- coated 400 mesh 
copper grids (SPI Supplies, West Chester, PA). The grids were washed with 2 µL of 
sucrose free buffer (50 mM MES- NaOH (pH 6.0), 15 mM NaCl, 7.5 mM CaCl2) to 
decrease sample thickness and to wash away any excess viscous sucrose. The grids were 
stained with 2 µL 1% uranyl acetate (Ted Pella, Redding, CA). EM screening was 
performed with a 120 kV JEM-1400 transmission electron microscope (TEM) (JEOL 
Ltd., Peabody, MA), equipped with Gatan, Inc. (Warrendale, PA) Orius SC1000 and 
Ultrascan 1000 charge-coupled device (CCD) cameras. Fourier transform (FT) and fast 
Fourier transform (FFT) analysis of high magnification images using Digital Micrograph 








5.4.1 PSII partial solubilization and dialysis promotes order in small areas of the 
thylakoid membrane 
 PSII- enriched membranes isolated from spinach are ~0.6- 0.8 µm in diameter 
(Figure 5.3A). PSII is arranged in pseudo-crystalline arrays within the native thylakoid 
membrane (29). To increase the order of PSII units within the native membrane, a 
“partial” solubilization of the membranes with low concentrations of DDM, a non-ionic 
detergent, was performed. Dialysis of PSII in the presence of minimal detergent could 
induce a re-ordering in the membrane (Figure 5.4A). Prior to dialysis, DDM was added at 
concentrations from 0.01-1.00 %. Samples were then dialyzed in the dark for 7 days at 8 
ºC (Table 5.1). The largest membranes were obtained with 0.03- 0.07% DDM (Table 
5.1). Membranes were not observed following addition of 0.5 % DDM (Table 5.1). 
Table 5.1 2D crystallization trials of partially solubilized PSII 
% DDM (w/v) Temperature Membranesa Average sizeb 
0.00 % 8 °C + 0.7 µm 
0.01 % 8 °C + 0.7 µm 
0.03 % 8 °C + 1.0 µm 
0.05 % 8 °C + 3.5 µm 
0.07 % 8 °C + 1.0 µm 
0.10 % 8 °C + 0.5 µm 
0.50 % 8 °C ― ― 
amembranes (proteoliposomes) were observed (+) or not observed (―) following 







Figure 5.3 EM images of PSII membranes after dialysis for 7 days. All images are shown 
in negative stain with 1% uranyl acetate. (A) shows native PSII membranes (no 
additional lipids). (B) shows PSII membranes following partial solubilizaton with 0.05% 
DDM (no additional lipids). (C) shows completely solubilized PSII cores from peak 2 
(Figure 5.5) following reconstitution with DMPC at a LPR of 1.8. Membranes in (D) are 
the same as C, except the LPR was 2.0. The insets of B-D display corresponding FFTs. In 
the FFTs, the 6 (B) or 4 (C and D) distinct white spots within the first order ring indicate 
crystalline order. The scale bars shown are 0.5 µm. 
  
 Figure 5.3B-C shows representative EM images of partially solubilized PSII, 
following dialysis. No additional lipids were added. The images were acquired of 
samples negatively stained in a 1% uranyl acetate negative stain. 0.03-0.05% DDM 
induced formation of proteoliposome sheets with the strongest spots in an online FFT 
(insets of Figure 5.3B-C). FFT analysis of EM images acquired with a CCD camera 
enabled immediate assessment of crystallinity (15). Regular spots, above the level of 
noise, in an online FFT indicate crystalline order within small areas of the membrane 




Figure 5.4. Overview of 2D crystallization approaches. Spinach PSII membranes (20) are 
the starting material in both methods. In A, addition of 0.01-0.5% DDM induces a re-
ordering of PSII in the chloroplast thylakoid membrane. In B, complete solubilization 
with 1% DDM (21) removes PSII from the native membrane, and reconstitution with 
exogenous lipids results in ordered proteoliposomes. The LHCII complexes shown in 
orange are also removed during detergent solubilization. 
 
5.4.2 Complete solubilization to increase PSII homogeneity 
 The PSII membrane preparation used for 2D crystallization (20,23) contains 
minor amounts of  PSI, cytochrome b6f, and ATP Synthase (30). A high degree of protein 
purity is an essential parameter in 2D crystallization (15). To increase the PSII 
homogeneity, the PSII membranes were completely solubilized with 1% DDM (21). 
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Solubilized PSII were separated from other thylakoid membrane complexes and the light 
harvesting complex II (LHCII) protein by anion exchange chromatography (21) (Figure 
5.4B). 
 For chromatographic purification, an 11 mL gradient of 0-360 mM NaCl was 
used on a MonoQ HR 5/5 column (21). LHCII proteins elute at ~140 mM NaCl (5 mL) 
(Figure 5.5, peak 1). PSII cores elute with ~260 mM NaCl (9 mL) (Figure, 5.5, peak 2). 
Other minor amounts of membrane protein complexes originally present were also  
separated from PSII cores (21). PSII cores in peak 2 were collected and used for 2D 
crystallization trials. 
 
Figure 5.5. 280 nm elution profile of solubilized PSII by FPLC. The y-axis shows 
absorbance at 280 nm (AU). The x-axis shows volume of the NaCl gradient. PSII was 
solubilized with 1% DDM and eluted with an 11 mL gradient of 0-360 mM NaCl (21).  
The flow rate was 0.5 mL/ min and 0.5 mL fractions were collected. Peak 1 eluted with 
~140 mM NaCl (5 mL) and contained LHCII proteins (21). Peak 2 contained PSII 
complexes and eluted with ~260 mM (9 mL) NaCl (21). 
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5.4.3. The structural integrity of PSII core complexes are maintained 
 SDS-PAGE analysis confirms that peak 1 (Figure 5.5) contains the 25 kDa LHCII 
monomer (Figure 5.6, lane 3). Peak 2 contains intact PSII core complexes (Figure 5.6, 
lane 4). PSII core complexes contain the main protein subunits capable of optimal oxygen 
evolution activity (21). These proteins are the membrane-spanning D1, D2, CP43, and 
CP47 proteins, as well as the three extrinsic proteins, PsbO, 18-kDa, and 24-kDa (Figure 




Figure 5.6. SDS-PAGE composition analyses of PSII membranes before and after 
solubilization. Lane 1 contains a molecular weight marker. Lane 2 shows PSII before 
solubilization. Peaks 1 and 2 (Figure 5.5) are shown in lanes 3 and 4, respectively. PSII 
core proteins are labeled on the right side of the gel, and the extrinsic subunits are 




5.4.4 Oxygen evolution of purified PSII cores 
 MacDonald and coworkers (21) previously showed that PSII cores have a two-
fold higher rate of oxygen evolution compared to PSII membranes (21). Under the 
experimental conditions here, however, PSII cores demonstrated a 55% decrease in 
activity after dialysis for 7 days at 8 °C (Table 5.2). The decreased activity may be 
explained by PSII’s sensitivity to detergents. Minor experimental modifications to the 
time of detergent exposure prior to column loading should lead to increased activity. PSII 
inactivation before dialysis explains the complete loss in activity at the end of the dialysis 
time (Table 5.2). 
 
Table 5.2. Oxygen evolution rates of PSII samples before and after dialysis 
Before/ After 
Dialysis Sample O2 evolution* 
Before PSII membranes 100 % 
After “ 70 % 
Before PSII cores 55 % 
After PSII cores 0 % 
*Rate of O2 evolution was measured in units of µmol O2 mg chl-1 hr-1. The rates shown 
were normalized to the PSII membrane rate before dialysis (~800 O2 mg chl-1 hr-1) .  
 
5.4.5 2D crystallization trials with PSII cores 
 PSII cores (Figure 5.5, peak 2) were mixed with exogenous DMPC lipids at lipid-
to-protein ratios (LPRs) of 1.0- 2.5 and dialyzed for 7 days at 20 ºC (Figure 5.4). All 
LPRs tested generated membrane sheets with diameters of ~0.5-1.5 µm (Table 5.4). LPRs 
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between 1.5 and 2.0 produced membranes with the highest degree of order, demonstrated 
by rather strong spots in FFTs (Figure 5.4C and D). In contrast to previous experiments, 
these membranes contained closely spaced areas of order within most membranes. The 
majority of membranes screened contained at least one area of order. Small adjustments 
in LPR, dialysis time, or temperature are hopeful to afford increased order within the 
membranes. 
Table 5.3. 2D crystallization trials of PSII cores reconstituted with DMPC lipids 
LPR Temperature Membranesa Average sizeb 
0.0 20 °C ― ― 
1.0 20 °C + 1.0 µm 
1.3 20 °C + 1.5 µm 
1.5 20 °C + 1.5 µm 
1.8 20 °C + 1.0 µm 
2.0 20 °C + 1.0 µm 
2.5 20 °C + ― 
amembranes (proteoliposomes) were observed (+) or not observed (―) following 





 Spinach PSII cores formed 2D membranes with exogenous DMPC following 
dialysis. At LPRs of 1.5- 2.0, all of the membranes examined contained multiple, closely 
spaced areas of order. PSII cores remained intact following dialysis. Optimization of the 
detergent addition step before chromatographic purification should preserve O2 evolution 
activity before dialysis. Additional minor adjustments to the LPR, dialysis time, or 




5.5.2 Partial solubilization increases PSII membrane size and order 
 A plant PSII structure embedded in a native lipid bilayer would provide the most 
relevant information regarding in vivo function. PSII is arranged in a pseudo-crystalline 
organization in isolated membranes with an average diameter of 0.7 µm (29). However, 
order in the native membranes is limited to small areas. A uniform area (at least 1 µm2) 
of sufficient order is the minimum requirement for structure determination by electron 
crystallography (15). Thus, the initial experimental approach focused on ordering PSII 
into 2D crystalline arrays within the native thylakoid membranes. 
 Partial solubilization with 0.01- 0.05% DDM and lipid removal by dialysis 
increased PSII order within the membranes, as indicated by spots in online FFTs of EM 
images in negative stain. DDM is a mild, non-ionic detergent, frequently used for 
membrane protein purification (21). DDM has a critical micelle concentration (CMC) of 
0.0087% (0.17 mM) (31). A temperature of 8 °C was used to promote slow detergent 
removal during dialysis. Prolonged exposure to higher temperatures may have also 
induced PSII degradation and inactivation. PSII order was limited to small areas of ~50 
nm in a small proportion of the membranes screened. 
 Membranes also increased in size, up to ~3.5 µm. Because the conditions only 
mildly disrupt the membrane, PSII complexes already embedded provide a nucleation 
point for crystal formation. As detergent molecules are replaced by lipids, the membranes 





5.5.3 PSII core purification increases sample homogeneity 
 Protein purity is an essential consideration in formation of well-ordered 2D 
crystals (15). The PSII membrane preparation used in the partial solubilization approach 
(20,23) contains minor amounts of  PSI, cytochrome b6f, and ATP Synthase (30).  A 
similar partial solubilization approach also observed that PSII enriched membranes also 
contain PSII supercomplexes with varying amounts of light harvesting antennae proteins 
(32). Mixtures of PSII supercomplexes and other membrane proteins will likely inhibit 
regular PSII packing within a 2D crystal. 
 PSII core complex purification increased the homogeneity and decreased the size 
of the PSII complex (21). The enrichment was reported to increase the rate of oxygen 
evolution by two fold (21). However, core complexes purified by the same procedure 
here exhibited a 55% decrease in activity immediately following purification. The loss in 
activity observed may be attributed to differences in experimental technique. Detergent 
addition is a critical step in solubilization of membrane proteins. Modification of this step 
by slower, drop-wise addition, or decreasing the incubation time before column loading is 
expected to optimize the purification to maintain high activity rates. 
 
5.5.4 PSII cores form proteoliposomes with DMPC 
 Without the addition of exogenous lipids, detergent removal from the PSII cores 
by dialysis induced aggregation (data not shown). This result is expected, given the 
hydrophobic nature of the PSII proteins. Although some lipids may have been co-purified 
during the chromatographic step, PSII could not form observable proteoliposomes. 
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 Upon mixture with exogenous DMPC and dialysis, PSII cores reconstituted into 
membranes at all of the LPRs tested. Interestingly, membranes were formed at 20 °C, 
below the DMPC phase transition temperature of 23 °C. This phenomenon was 
previously observed for 2D crystals of human vitamin K- dependent γ- glutamyl 
carboxylase (33). Typically, 2D crystallization is performed above the lipid phase 
transition temperature. Because PSII is sensitive to temperature (34), 20 °C was chosen 
as a starting point for crystallization trials. Lower temperatures may also enable 
membrane formation. 
 DMPC is not a native lipid present in thylakoid membranes (35). However, it has 
been used successfully in 2D crystallization of many membrane proteins (33,36). In most 
cases the identity of the lipid is not a limiting factor in successful crystallization (15). 
 Proteoliposomes formed with LPRs between 1.5 and 2.0 exhibited the most 
significant order, as assessed by spots in online FFTs. Most of the membranes examined 
contained multiple closely spaced areas of order. Optimization of the LPR, dialysis 
temperature, or dialysis time should lead to more uniform PSII order within the 
membrane. The membranes are already sufficient in diameter (≥ 1 µm) for high 
resolution 3D structure (15).  
 
5.5.6 2D crystallization parameters 
 Numerous parameters are important in 2D crystallization of membrane proteins 
by dialysis. Sample purity, detergent, buffer composition, dialysis time, and temperature 
are all influential parameters in obtaining well-ordered crystals (15). Typically, 2D 
crystallization trials involve varying one or two parameters at a time. In the experiments 
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presented here, dialysis buffer conditions were chosen to promote PSII stability and 
activity. Multiple types of conditions may be tested before optimal conditions are 
obtained.  
 Most frequently, however, the LPR is the determining factor in successful 2D 
crystallization (15,37). Given the promising results for PSII 2D crystals with LPRs 
between 1.5 and 2.0, testing of LPRs less than 1.5 should be the next step. Lower LPRs 
may encourage tighter, more highly ordered, crystal packing within the membrane. 
 
5.6 Conclusions 
 In 2D crystallization trials, PSII cores formed 1.0- 3.5 µm membranes with 
DMPC lipids. The membranes formed at 20 °C, below the phase transition temperature of 
DMPC. PSII core complexes remained intact following 2D crystallization trials, retaining 
the extrinsic polypeptides and the Mn4CaO5 active site cluster. The membranes contained 
multiple, closely spaced areas of order. Optimization of crystallization conditions, 
including the LPR, crystallization temperature, or time, should promote PSII order into 
continuous, uniform, crystalline lattice. These 2D crystals, containing an intact PSII 
complex, will present considerable information regarding photosynthetic PSII function. 
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 Exposure to high light intensity in photosynthetic plants and cyanobacteria results 
in the phenomenon of photoinhibition. In Photosystem II (PSII), oxygen evolution 
activity is inhibited and the D1 protein is damaged. Reactive oxygen species (ROS) 
produced during light stress react specifically with tryptophan side chains in the PSII core 
complex. N-formylkynurenine (NFK), a UV absorbing chromophore, results from 
reaction of tryptophans with ROS in the CP43 (NFK-365) and D1 (NFK-317) subunits. 
In plant PSII, NFK-365 accumulation correlates with a decrease in oxygen evolution 
during high light illumination. These results support a role for NFK in oxidative stress 
and photoinhibition. 
 NFK accumulation correlates with the extent of photoinhibition in PSII and 
thylakoid membranes. These modifications may be formed by reaction with ROS 
produced at the Mn4CaO5 cluster in the oxygen- evolving complex. Supporting this 
interpretation, the NFK modifications in CP43 and D1 are found 17 and 14 Angstrom 
from the Mn4CaO5 cluster, respectively. D1 degradation and oligomerization, key events 
in D1 repair, also occur under both sets of conditions. The PTMs are under differential 
control of ionic strength, suggesting a two pathway model for light stress responses. 
Based on these results, a role for NFK in signaling for repair during D1 turnover is 
proposed.  In a two-pathway signaling model for repair, inhibition of one NFK signaling 




pathway).  These results provide new insight into redox signaling in oxygenic 
photosynthesisis. 
 As demonstrated in Synechocystis 6803, the inability to form NFK-365-CP43 
protects from photoinhibition in vivo. The protective effect was dependent on light 
intensity, suggesting that a second pathway of damage and or repair becomes dominant at 
extreme light intensities. The “D1” pathway described above may participate at higher 
light intensity. Further modification of a repair model involving NFK can be described. 
During light stress, NFK forms from reaction with ROS (via W365-CP43 or W317-D1) 
generated at the Mn4CaO5 cluster active site. The oxidation and indole ring cleavage 
reaction triggers a conformational change that acts as a signal for D1 turnover. NFK may 
promote removal of the extrinsic subunits and CP43, which is required for degradation 
and turnover of D1. Mutation of W365 to a residue that cannot be oxidized prevents the 
probable conformational change and signal. In mutants unable to form NFK in CP43, the 
damaged D1 is stabilized in the complex. The result is an inefficient repair cycle and 
increased photoinhibition. The experiments presented here provide novel insight into 











6.2 Future Directions 
 NFK can be formed from tryptophan reaction with 1O2 or HO•. Investigation of 
the type of ROS involved in NFK formation during photoinhibition would be valuable. 
Detection and quantitiation can be done with ROS specific electron paramagnetic 
resonance (EPR) spin traps. Thylakoid or PSII membrane isolation from Arabidopsis 
plants grown under controlled conditions, as opposed to field grown spinach, would 
provide reproducible results. The type and yield of ROS produced in Arabidopsis could 
be compared in plants grown under control and high light conditions. Because NFK 
accumulates during light stress, a corresponding increase in a particular species would 
provide support for involvement in NFK formation. 
 The fate of NFK- modified proteins in vivo could be investigated in Arabidopsis 
chloroplasts. A NFK- specific label, such as the amine-biotin (B5A), would allow 
electron microscopic tracking with an avidin-gold nanoparticle conjugate. Changes in 
PSII sub-complexes may be relevant during light stress and repair in vivo. NFK could be 
tracked in chloroplasts isolated from control and high light stressed Arabidopsis leaves. 
Localization and tracking of NFK modifications in PSII sub-complexes would provide 
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 Membrane proteins comprise one of the major challenges in structural biology.  
Membrane protein complexes pose particular difficulties because they not only require 
careful solubilization, but additionally the structural, as well as functional integrity, of the 
entire complex needs to be maintained.  Electron crystallography of two-dimensional 
(2D) crystals is an important emerging approach in the study of the structure and function 
of membrane protein complexes.   
 The most common method used for 2D crystallization of membrane proteins is 
reconstitution into a phospholipid bilayer by dialysis.  Reconstitution is especially 
suitable for membrane protein complexes because the membrane protein is in a close-to-
native phospholipid bilayer during crystallization, storage, and data collection by electron 
cryo-microscopy (cryo-EM).  
 Membrane protein complexes require additional experimental methods and 
precautions compared to monomeric or homooligomeric membrane proteins. Overviews 
of 2D crystallization and cryo-EM, with an emphasis on critical points for ensuring 




 Since the first breakthrough in the structure determination of a membrane protein 
with the help of two-dimensional (2D) crystals and transmission electron cryo-
microscopy (cryo-EM) in 1975 (1), electron crystallography has become an indispensable 
biophysical technique for the study of structure-function relationships in membrane 
proteins. Progressive advances in the field have promoted increased interest in the study 
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of large membrane protein complexes composed of multiple subunits and oligomeric 
states. Despite difficulties in achieving high purity and yield during isolation and 2D 
crystallization of fragile membrane complexes, even low resolution structural information 
can provide substantial insight into the oligomeric state, overall dimensions, and subunit 
organization. Electron crystallography is complementary to X-ray crystallography. 
However, a noteworthy advantage of 2D crystals and cryo-EM is the use of either native 
or artificial lipids to mimic a native membrane environment, in contrast to most 3D 
crystals used in traditional X-ray techniques. 
 Similar to monomeric or homooligomeric proteins, the determination of 
conditions to induce 2D crystallization is the bottleneck in structure determination of 
large, multi-subunit membrane protein complexes. In addition to the inherent intricacies 
in terms of purity and functional integrity, as well as the number of parameters tested in 
formation of large, well-ordered 2D crystals, protein complexes involve yet another 
dimension of intricacy. Specifically, structural integrity of the complex must be evaluated 
at each successive experimental step, from the initial purification to every crystallization 
trial. As the chemical forces between individual protein subunits typically involve 
relatively labile non-covalent interactions, such as electrostatic interactions, successful 
purification and 2D crystallization of intact and active complexes are not trivial. 
 Impressive and intensive efforts by X-ray crystallography have resulted in a few 
structures of membrane protein complexes (2).  These structures are even more 
impressive considering the larger amounts of protein required, the need to carefully 
stabilize the complexes in detergents amenable to three-dimensional (3D) crystallization, 
and the considerable time frames invested in determining these structures. Relatively 
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little is known about the structure of membrane protein complexes compared to 
monomeric or homooligomeric membrane proteins. However, electron crystallography, 
combined with single particle analysis, has provided the largest range of information on 
membrane protein complexes. A substantial breadth of work has been focused on the 
Photosystem II (PSII) complex in higher plants (Table A.1), which catalyzes water 
oxidation in the thylakoid membranes of chloroplasts (3). The highest resolution partial 
PSII structure remains at 8 Å resolution (4); although, lower resolution structures with 
additional subunits have provided valuable information (Table A.1). More recently, the 
hetero-trimeric SecYEG membrane assembly structure was also solved at 8 Å resolution 
by electron crystallography, and the structure showed a dimer fully capable of the native 
function in protein translocation activity (5).  Considerable work has also been done on 
the structure of the photosynthetic reaction-center-light-harvesting complex I (RC-LHI), 
isolated from the purple membrane archeabacteria Rhodospirillum rubrum, with 
projection maps obtained to resolutions as high as 8.5 Å (6-8). 
 Electron crystallography of two-dimensional crystals holds tremendous promise 
for structure determination of membrane proteins, but the delicate nature of multi-subunit 
complexes requires additional precautions (Figure A.1). A variety of supplemental 
experimental techniques to ensure the maintenance of structural integrity are required for 
success. Here, various methods specific for 2D crystallization of membrane protein 
complexes will be outlined. These techniques are applied from initial purification to each 
crystallization trial to verify the structural and functional integrity of the membrane 
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Figure A.1 2D crystallization of membrane protein complexes involves additional steps 




A.3 Methods in electron crystallography of membrane protein complexes 
A.3.1 Overview of 2D crystallization and cryo-electron microscopy 
 Electron crystallography entails 2D crystallization, data collection by electron 
cryo-microscopy (cryo-EM), and finally image processing to solve the 3D structure of a 
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membrane protein. In contrast to traditional X-ray crystallography that utilizes large 3D 
crystals, 2D crystals consist of single layers of proteins embedded in a lipid bilayer 
reminiscent of the native lipid environment. The most commonly utilized process to 
obtain 2D crystals is reconstitution into proteoliposomes (proteins embedded in a lipid 
bilayer) by means of slow detergent removal by dialysis. In this approach, purified, 
detergent-solubilized proteins, with the detergent-protein mixture containing ideally no or 
minimal amounts of essential lipid, are mixed with native or exogenous lipids and placed 
inside a dialysis membrane or device. The combined mixture is dialyzed against a 
detergent-free buffer under optimal parameters for 2D crystallization. Under favorable 
conditions, the solubilized protein is reconstituted with lipids into a membrane ordered in 
two dimensions. Alternative 2D crystallization techniques for membrane proteins involve 
lipid monolayer 2D crystallization (16), the batch method via incubation (17), or dialysis 
of purified membrane proteins containing small amounts of co-purified lipids (9; 
unpublished observations). Screening for 2D crystals occurs by negative stain of the 
dialysate and evaluation by EM. Once the 2D crystals are optimized in size (to ideally ≥ 1 
µm) and order, cryo-EM image acquisition and image processing results in the projection 
(2D) and/or 3D structure. 
 At present, the tangible limiting factor in structure determination by electron 
crystallography is 2D crystallization, which is characterized by a protein-specific, multi-
dimensional phase diagram of important parameters for obtaining membrane crystals. 
Multi-subunit membrane protein complexes add even further complications. First, high 
purity and yield of the proteins of interest are often difficult to establish, especially for 
hydrophobic membrane proteins. Second, the detergent used for isolation is important, as 
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the detergent identity can affect the amount of co-purified lipids, as well as alter the 
structural integrity of membrane protein complexes. Third, the type and quantity of lipids 
added for reconstitution into membranes, or lipid-to-protein (LPR) ratio, is possibly the 
most important factor. Both native lipids and exogenous lipids have been used in 2D 
crystallization of membrane proteins, with dimyristoyl phosphatidylcholine (DMPC) 
identified as the most successfully used phospholipid in 2D crystallization (18). Fourth, 
the dialysis conditions, including the dialysis buffer composition, dialysis temperature, 
and dialysis time, are all important factors. Significant parameters of the dialysis buffer 
are the pH, salt types, salt concentrations, and glycerol concentrations, which can all 
affect successful crystal formation. Typically, variation in only one or more of these 
parameters can lead to 2D crystallization, and careful screening for crystals is also critical 
step. 
 When working with membrane protein complexes, additional caution in variation 
of the above-mentioned parameters during crystallization trials must be taken to ensure 
maintenance of structural integrity and retention of subunits (Figure A.1). In particular, 
unfavorable increases in salt concentration or temperature can easily disrupt weak 
electrostatic interactions between subunits in complexes. Homogeneity in subunit 
composition during purification is another concern in crystallization of proteins with 
multiple subunits. In general, 2D crystallization approaches to membrane complexes 
parallel those of single subunit or homooligomeric proteins, but additional complications 





A.3.2 Gel electrophoresis 
 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a 
commonly used technique for the separation of non-identical proteins in a complex based 
on size. SDS-PAGE is a valuable method for the assessment of membrane protein 
complexes before and after 2D crystallization. Protein subunits can become easily 
detached during experimental manipulations, dialysis, and various conditions. The gel 
can also indicate possible cleavage or degradation of proteins that may occur during the 
dialysis time. 
  In SDS-PAGE, an anionic detergent, SDS, is used to solubilize and denature 
proteins. Molecules of SDS bind to proteins in a fixed mass ratio of ~1.4 grams SDS per 
gram of protein, and as a result, the native intrinsic charges of the proteins become 
negligible in the presence of the large negative charge imparted by the SDS. Proteins 
treated with SDS will assume rod-like shapes with equivalent mass-to-charge ratios. 
Consequently, the mobility through a polyacrylamide gel matrix will depend linearly 
based on the logarithm of molecular mass. Typically, gels for most proteins can be 
prepared according to the Laemmli method (19) with concentrations of ~0.1% SDS in the 
gel and ~2- 4% SDS in the sample buffer. Urea is a non-ionic chaotropic agent that can 
also be used to increase the solubility of some difficult to denature hydrophobic 
membrane proteins and can enhance the acuity of bands in a gel. Urea concentrations of 
~4 M urea in the gel and ~5 M in the sample buffer should suffice. While SDS and urea 
disrupt non-covalent interactions between protein subunits in a complex, they do not 
break disulfide bonds. Thus, addition of reducing agents to the sample buffer, such as 
dithiothreitol (DTT) or β-mercaptoethanol, will ensure that these bonds are cleaved. 
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 Gel electrophoresis analysis should first be performed following protein 
purification to ensure purity, to verify composition, and to establish a baseline for the 2D 
crystallization trials. A standard molecular weight marker is also run with every gel. 
Although many protein gel methods indicate heating or boiling the protein sample during 
or following denaturation, this approach is not compatible for membrane proteins because 
high temperatures can induce aggregation of the hydrophobic proteins. 
 To ensure that membrane protein complexes remain intact following 
crystallization, the 2D crystal composition needs to be analyzed on a gel and compared to 
the native assembly before crystallization. Ideally, PAGE is performed after introduction 
of each new dialysis condition. After dialysis, the 2D crystals are pelleted by 
centrifugation, and the supernatant is removed, which will contain any unbound proteins. 
The crystals are washed in dialysis buffer and centrifuged one to two times to ensure 
elimination of non-complexed proteins. Following a final resuspension in buffer, the 
crystals are solubilized and denatured in a sample buffer containing SDS, a reducing 
agent (DTT or β-mercaptoethanol), urea (if needed), and a color marker (such as 
Bromophenol Blue). At least one hour at room temperature is usually required for 
thorough denaturation. The solubilized 2D crystals are pelleted again to separate any 
unsolubilized membrane material or aggregates, the samples are loaded in the gel, and an 
electric potential is applied to the gel until the color marker reaches the bottom of the gel. 
A Coomassie Brilliant Blue R-250 (19) or silver stain (20) can be used to visualize the 
protein bands. 
 Comparison of 2D crystals before and after crystallization will indicate if loss of 
protein subunits occurs during dialysis (Figure A.2). Unfavorable conditions, such as 
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high temperatures, pH, or salt concentrations, can result in loss of structural integrity of a 
complex. Degradation of some protein subunits can also occur in the presence of 
proteases. The appearance of small molecular weight bands on the gel can be diagnostic 
for proteolytic cleavage. In the event that subunits are lost or degraded during dialysis, 
modifications to crystallization conditions can be initiated. Although SDS-PAGE is a 
very effective technique for evaluation of membrane protein complexes, one should be 
cautioned that incomplete or inconsistent occupancy of a particular protein in 2D crystals 
can result in contradictory results. While a gel can indicate the presence of a subunit in 
the complex in solution, a density map may not support a clear assignment. An example 
of this scenario involved the absence of density for the MSP (manganese stabilizing 




Figure A.2 Photosystem II (PSII) 2D crystals and subunit composition. In A, SDS-PAGE 
evaluates the structural integrity of PSII crystalline complexes following dialysis. In the 
gel, lane 1 contains the molecular weight (MW) marker, and lane 2 contains control PSII 
before dialysis for comparison; the major subunit bands are assigned. Lane 3 contains 2D 
crystals of PSII after dialysis for 7 days at 6 ºC, and lane 4 also contains 2D crystals 
subsequent to dialysis for 14 days at 4 ºC. Under the indicated crystallization conditions, 
PSII complexes in lane 3 appear mostly intact, compared to the control in lane 2, while 
the PSII complexes in lane 4 lack the 18-kDa protein. B shows an example of a PSII 
crystal following solubilization with 0.05% n-dodecyl α-D-maltoside (DDM-α) and 
dialysis for 7 days at 8 ºC. An FFT of the 2D crystal is shown in the inset of B. The scale 




A.3.3 Western blots 
 When an antibody is available for a protein of interest, a Western blot, or 
immunoblot, is useful in unambiguous assignment of protein bands.  In PSII, the psbI 
protein in 2D crystals was confirmed by immunoblotting analysis (9). Sometimes the 
apparent molecular weight of a protein on a gel can differ from the actual or predicted 
molecular weight based on the known sequence. In this case, a Western blot can aid in 
the assignment. Also, degraded proteins can sometimes be assigned from this type of 
experiment. However, binding ability depends on the location of the epitope, and the 
antibody may or may not bind to a degradation product. Two identical gels should always 
be prepared when doing a Western blot because one will be used for the actual blot, and 
the other gel will be used for comparison after the blot. 
 The general procedure of a Western blot involves transfer of proteins from an 
unstained gel onto a sheet of nitrocellulose or polyvinylidine difluoride (PVDF) 
membrane, which non-specifically binds proteins. Transfer is followed by specific 
binding with antibodies and development with a colorimetric reaction. The Towbin 
method is a common technique for many applications (23). Proteins are transferred onto 
the membrane support by application of an electric current with a semi-dry transfer 
apparatus. Unoccupied binding sites on the blot are blocked with a non-specific protein 
solution, such as casein or non-fat milk. The blot is incubated in the blocking protein 
solution for at least 24 hours because failure to fully block non-specific sites will result in 
a darkened background from non-specific antibody binding. The blot is incubated with a 
solution of the primary antibody, specific for the protein of interest, for a sufficient 
amount of time, and the unbound antibody is washed away. Finally, the blot is incubated 
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with a secondary antibody, targeting the species-specific primary antibody. The 
secondary antibody is covalently liked to a reporter enzyme that produces a colorimetric 
reaction when incubated with a substrate; the unbound secondary antibody conjugate is 
washed away. Alkaline phosphatase (AP) is a commonly used reporter enzyme because it 
produces a dark purple precipitate when incubated with a mixture of 5-Bromo-4-Chloro-
3'-Indolyphosphate (BCIP) and Nitro-Blue Tetrazolium (NBT) (24). Mixtures of BCIP 
and NBT are commercially available. 
 Once the blot is developed, the specifically-stained bands are compared to the 
bands in the SDS gel to confirm uncertain protein identities. As cautioned with the SDS-
PAGE, assignment of a protein in a Western blot does not necessarily indicate 
homogeneous binding to complexes derived from the 2D crystals. However, it is still a 
very useful method for identification of proteins with unusual apparent molecular 




A.3.4 Size exclusion chromatography 
 Size exclusion chromatography (SEC), which separates suspended particles by 
hydrodynamic volume, can be a valuable tool in analyzing characteristics of detergent-
solubilized membrane protein complexes.  A SEC column consists of packed spherical 
gel particles of distinct dimensions and pore size.  As protein particles move through this 
matrix with buffer flow, smaller particles are free to diffuse through the gel particles 
while larger particles are excluded from the gel particles and must move around them.  
The end result is that the smaller particles must flow through a greater volume of buffer 
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before being eluted, and the larger particles will elute first.  Control of particle size and 
pore size enables the user to easily separate protein particles of arbitrary size from a 
heterogenous solution, or to observe the range of particle sizes present. Assuming that the 
solubilized sample is of sufficient purity, it is possible to observe the self-associated 
oligomeric state and the degree of detergent binding (25).  A bound detergent micelle can 
make a substantial additional contribution to the hydrodynamic volume. However, 
chromatograms of a protein solubilized with a number of detergents of varying alkyl 
chain lengths can be compared. In this case, the volume excluded by the micelle is 
variable, while that of the protein is not. Size exclusion chromatography reflects 
additional qualities that are of particular interest to membrane protein 2D crystallization, 
such as the protein radius in the center of the membrane bilayer, the Stokes radius, the 
average radius, and the molecular mass (26). 
      
A.3.5 Optical spectroscopy 
 UltraViolet-Visible (UV-Vis) absorption spectroscopy can be used before and 
after 2D crystallization to evaluate changes in cofactor or pigment composition. Proteins 
absorb light in the UV region (100-400 nm) due to aromatic side chains and peptide 
bonds. Visible light absorption (400-700 nm) occurs with conjugated molecules and 
heavy metals, such as cofactors, pigments, and active site complexes. Most molecules 
that absorb light in the visible portion of the spectrum are not covalently bound to the 
protein; thus, loss of protein subunits during crystallization may result in loss of these 
types of non-covalently bound molecules. Comparison of the optical absorption before 
and after crystallization is advantageous and an uncomplicated experiment for some 
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proteins with one or more types of visible light absorbing molecules. Redox state changes 
in some cofactors or metal centers may also be seen in an absorption spectrum. However, 
analogous spectra before and after 2D crystallization may not always provide helpful 
information regarding structural integrity. In PSII, the compositions of complexes prior to 
and following 2D crystallization were significantly different; although, the absorption 
spectra were comparable (14). 
 
A.3.6 Immuno-gold labeling 
 An immunochemical technique for specific labeling of protein subunits with 
colloidal gold particle-antibody conjugates enables complex orientation determination 
within the membrane of a 2D crystal by EM. The high electron density of the gold 
particles enables straightforward visualization on the surface of a membrane after 
negative stain. For direct detection and localization, gold particles (~1-40 nm) can be 
conjugated to primary antibodies for a particular protein of interest within the complex, 
such as one that binds to a defined surface-exposed region on one side of the membrane. 
For indirect detection in a wider array of applications, secondary antibodies conjugated to 
gold particles can also be used. Under some circumstances, membrane orientation can 
vary between types of crystal morphologies, and immuno-gold labeling can aid in such a 
distinction. Immuno-gold labeling in both PSII (14) and SecYEG (5) has established 
protein complex orientation within membranes. 
 Briefly, the method involves binding the gold-antibody conjugates to the crystals 
by simple incubation, followed by assessment under the electron microscope. The labeled 
complexes are washed thoroughly to remove any non-specifically bound particles. In the 
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case of indirect detection with secondary antibody conjugates, the washing should follow 
both incubation with the primary antibody and the secondary antibody-gold conjugate. 
Finally, the 2D crystals are fixed with a negative stain, such as 1% uranyl acetate, and 
screened by EM. Immuno-gold labeling can be useful for subunits of both known and 
unknown binding locations within a protein complex. 
 
A.3.7 Activity assays  
 Because 2D crystallization of membrane proteins requires the reconstitution (or 
native isolation) of the membrane proteins in a lipid bilayer, the conformation of the 
crystallized protein more closely resembles the native formation than that of the 
detergent-solubilized protein.  For membrane protein complexes in particular, 
reconstitution into the membrane may also coax different subunits into binding that may 
not bind to the complex in a detergent-solubilized state, particularly those that include 
significant subunit-subunit interactions within the hydrophobic interior of the membrane.  
In addition, for single layer (non-stacking) 2D crystals, both sides of the crystal may be 
exposed to solvent, negating problems in substrate access for studies of enzymatic 
membrane proteins.  Activity testing of 2D crystals is of special interest because the 
assays may be performed directly on the samples that will be used for gathering structural 
data, lending significant support for any functional conclusions drawn from these data. 
 
A.3.8 Storage of 2D crystals 
 Storage requirements for 2D crystals are somewhat variable; crystals have been 
known to remain stable at room temperature for months and even years. Common 
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temperatures for storage are room temperature, 4°C, -80°C, or in liquid nitrogen.  
Because the stability of 2D crytals over longer periods of time can vary significantly from 
protein to protein, it is important to carefully observe and verify the long term stability of 
each sample (18).  For storage at lower temperatures, smaller aliquots of 3-10 µl are 
plunge-frozen in liquid nitrogen and kept in a -80°C freezer or in a liquid nitrogen dewar. 
Membrane protein complexes with soluble subunits might require additional testing to 
ensure integrity of the complex after storage.  Two-dimensional crystals of PSII undergo 
rapid degradation unless they are flash-frozen in liquid nitrogen and stored at -80°C 
(unpublished observations). 
 
A.3.9 Screening for 2D crystals and electron cryo-microscopy 
 One of the most critical steps in identifying 2D crystals is careful screening of the 
crystallization trials for ordered arrays within membranes (18). Initial identification of 
even low percentages of poorly ordered 2D crystals can provide important guidelines to 
quickly optimize the formation of large and well-ordered arrays.  A eukaryotic membrane 
protein, where one experiment revealed only 2% of proteoliposomes contained small 
crystal arrays, was induced to grow 2D crystals of several microns in diameter in 100% 
of the membranes with three further steps of optimization (27). This example illustrates 
the importance of investments of time and effort to identify optimal conditions and 
prevent the dismissal of a specific condition that in fact provides key information. The 
care involved in screening of negatively stained samples by EM is on the same level as 
for any type of 2D crystals, whether the sample consists of monomers, smaller 
homooligomers, or soluble proteins.  For membrane protein complexes, individual 
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screening trials and conditions will often require the additional step of verifying both the 
protein activity as well as the integrity of the entire complex as outlined above (Figure A. 
1).  Both projection and 3D structures should confirm these findings.     
 Cryo-EM sample preparation follows the same protocols for membrane protein 
complexes as for ordered arrays of other membrane proteins.  These could involve 
vitrification of the sample on the grid by back-injection (17), the carbon-sandwich 
(28,29), or plunging (30).  While in conventional back-injection and plunging the sample 
is applied to one layer of carbon film followed by vitrification, the carbon-sandwich 
technique follows the same protocol as back-injection with an additional step of a second 
carbon film placed onto the 2D crystal solution.  Thus, a sandwich of two carbon films is 
formed with the sample in the middle.  The carbon-sandwich might provide a particular 
advantage for complexes with larger soluble domains or subunits since the second carbon 
film prevents contact of the samples with the air-water interface (31).  Addition of a sugar 
or tannic acid to stabilize either the back-injection or the carbon sandwich grid 
preparation will again require testing of the mixture for integrity. A possible issue in the 
sample preparation could be the thickness of a very large membrane protein complex, but 
since large complexes of both membrane and soluble proteins have successfully been 
studied by cryo-EM single particle analysis (32), issues with cryo-EM grid preparation 







A.3.10 Automation of 2D crystallization and EM for membrane protein complexes 
 Two-dimensional crystallization of membrane proteins through detergent removal 
by dialysis and screening for 2D crystals by EM can often be a labor-intensive procedure. 
Data acquisition is also labor intensive once crystals of suitable quality are produced.  In 
general, many different dialysis buffers, lipids, protein concentrations, lipid-to-protein 
ratios and other factors must be tested before a suitable combination for 2D 
crystallization is found, and each trial may require up to a week or more of dialysis.  
Evaluating samples for crystal order and size can also be a major time investment. The 
grids must be prepared, loaded into the electron microscope, and screened visually by 
experienced personnel.  Once a suitable location in high-dimensional crystallization 
space has been found that reliably produces 2D crystals of high enough quality, the 
ordered proteoliposomes are ready for the cryo-EM data collection stage, which can also 
be a major time investment.  There is considerable benefit, then, in automating these 
processes in order to increase the number of parallel trials that may be performed. This 
approach greatly reduces the time required to obtain two-dimensional crystals suitable for 
high-resolution data collection, as well as the time required to then collect that data.  A 
number of groups are currently pursuing promising automation projects, among them 
modified fluid-handling systems to remove detergent via continuous flow dialysis with or 
without the use of BioBeads (33-35) and addition of cyclodextrin (36).  Screening of 
samples via EM can be accelerated via automation of EM grid preparation and handling 
(33,35,37).  Of particular interest are programs such as Leginon and PASyS, which can 
be used in conjunction with the electron microscope to systematically scan grids for areas 
of interest, and procure images, with varying levels of user interaction (38-41).  Such 
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systems are currently of limited availability, but it is expected that in the future this may 
not be the case.  Despite the advantages in terms of time saved, however, the greater 
number of simultaneous trials that can be performed requires an equally greater amount 
of purified protein. An unavoidable limit to crystallization trials remains the amount of 
protein available, which is usually a more severe obstacle for membrane protein 
complexes.  On the other hand, automation of dialysis, requiring smaller amounts of 
protein than currently used, would be of tremendous benefit for the study of membrane 
protein complexes. 
 
A.4 Summary of membrane protein complex structures 
 
A.4.1 Photosystem II (PSII) 
 Although a vast array of work has concentrated on structure determination of PSII 
in higher plants by electron crystallography methods, a composition of more than 25 
subunits and a temperature, detergent, and salt sensitivity constitute the chief 
experimental impediments. A variety of approaches have yielded assorted structural 
results and details. Although the reconstitution of solubilized membrane proteins into 2D 
crystals generally relies on addition of exogenous lipids, some PSII structures have been 
solved without the addition of lipids. N-heptyl-β-D-thioglucoside solubilization of PSII 
membrane fragments resulted in co-purification of a sufficient amount of endogenous 
lipids to enable 2D crystallization (4,9,10).  In fact, the highest resolution structure of 
spinach PSII at 8 Å resolution was crystallized without supplementary lipids (4); 
however, this structure only contained the D1, D2, CP47, and cytb-559 proteins (4). A 
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dialysis temperature above 15 ºC and the presence of 0.5- 1 mM zinc ions was also 
observed to be essential for formation of large, well-ordered 2D crystals (9). 
Alternatively, reconstitution of n-octyl-β-D-glucopyranoside solubilized PSII with 
various ratios of additional purified thylakoid lipids also enabled induction of 2D crystal 
formation, as well as location and assignment of the CP43 protein (11-13). In addition to 
reconstitution with native thylakoid lipids, DMPC has also been used with solubilized 
PSII complexes (14). These complexes contained the MSP extrinsic subunit, which was 
also visualized in the thylakoid lipid reconstituted PSII complexes (12). Along with MSP, 
two other extrinsic polypeptides, the 18- and 24-kDa proteins, are essential for optimal 
catalytic activity; however, a more complete PSII structure in higher plants with these 
subunits attached has not been solved yet. 
 
A.4.2 SecYEG 
 SecYEG is a hetero-trimeric channel complex located in bacterial cytoplasmic 
membranes that functions in protein translocation. SecYEG is an interesting example of 
planar-tubular 2D crystals that form as a “sandwich” of two membranes. The membranes 
interact through cytoplasmic domains. The structure of SecYEG was solved to 8 Å 
resolution in 2002 (5). The 2D crystals were grown in the presence of 120 mM NaCl, and 
each of the two layers consisted of a sandwich of two interacting membranes, with a total 
of four membranes per planar-tubular crystal. Following 2D crystallization by 
reconstitution with E. coli purified phosphatidylethanolamine lipids, the assembly that 





 In photosynthetic purple bacteria, bacteriochlorophyll-binding light harvesting 
complexes (LHI and LHII) transfer energy to the reaction center (RC), which generates a 
transmembrane potential.  Cryo-EM-derived projection maps of the RC-LHI complex of 
Rhodospirillum rubrum have been calculated to a resolution of 8.5 Å and obtained from 
two-dimensional crystals of two different symmetries (p1and p4212) (8).  These maps 
revealed that the RC adopts preferred orientations within a ring of sixteen LHI subunits, 
rather than a continuous distribution of orientations, indicating specific interactions 
between the ring and the bound RC.  Depending on the crystal type, the LHI ring adopted 
either circular or ellipsoidal conformations, implying that the structure was somewhat 
flexible in vivo.   
 
A.5 Conclusions 
 Electron crystallography has supplied valuable information on the structure and 
function of several membrane protein complexes and will likely result in many more 
structures at increasing resolution as further complexes can be purified and stabilized.  
The technique lends itself to sensitive membrane proteins, such as eukaryotic proteins 
and complexes, because the reconstitution into phospholipid bilayers usually has a 
stabilizing effect.  The 2D crystallization and the cryo-EM data collection follow roughly 
standard procedures, but structural and functional integrity need to be verified. In cryo-
EM, thickness and sensitivity issues can be solved by the carbon sandwich technique. A 
range of methods has been outlined here that in combination or alone are used to confirm 
that subunits are not lost during any of the steps from protein purification to the final 
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collection of cryo-EM data.  These verification techniques need to be repeated at the 
stage of purification, after 2D crystallization trials, and before screening of negatively 
stained samples by EM, as well as cryo-EM.  These methods ensure that the correct 
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